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Technology  Development  Program.  In  the  EGV  program,  non-series  EGV  airfoils,  designed  for 
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(72.0%)  and  low  total  pressure  losses  (1.5%).  The  non-series  EGV  airfoils  were  designed  (using 
computer  graphics  design  techniques  with  predicted  pressure  distributions  and  predicted 
boundary  layer  characteristics)  by  tailoring  the  airfoil  camber  and  thickness  distributions  to 
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minimize  the  airfoil  suction  surface  rate  of  diffusion,  therefore  reducing  the  potential  for  flow 
separation.  The  non-series  EGV  airfoils  also  demonstrated  performance  improvements  relative  to 
equivalent  NASA  series  airfoils. 

The  EGV  program  cascade  data  iva\correlated  using  a Pratt  & Whitney  Aircraft  correlation  for 
diffusing  compressor  cascades  in  orqer  to  develop,  in  conjunction  with  the  non-series  airfoil 
design  technology,  an  EGV  design  system. 

\ 

Experimental  investigations  were  conducted  to  identify  airfoil-endwall  modifications  which 
influence  cross-channel  secondary  flow  and  reduce  the  associated  total  pressure  losses.  Endwall 
modifications,  located  within  the  airfoil  pressure  side-endwall  fillet  and  identified  as  endwall 
protrusions,  resulted  in  significant  performance  improvements,  reducing  total  pressure  loss,  and 
increasing  diffusion  and  gas  turning. 
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SUMMARY 


Advanced  engine  designs  call  for  increasing  turbine  stqge  loadings  which  raise  turbine  exit 
Mach  numbers  and  tangential  swirls  above  state-of-the-art  levels.  Improved  turbine  exit  guide 
vanes  (EGV’s)  are  required  to  provide  flow  conditions  which  are  compatible  with  engine  exhaust 
systems  and/or  augmentors.  To  meet  these  requirements,  an  EGV  technology  development 
program  was  sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory. 

The  EGV  program  was  conducted  in  four  phases.  Phase  I was  concerned  primarily  with  two 
dimensional  airfoil  design  techniques  and  the  reduction  of  secondary  losses  with  airfoil  nnd/or 
end  wall  modifications.  Phases  II  and  III  extended  the  Phase  I design  technology  to  three- 
dimensional  design  applications.  Phase  IV  was  a critique  of  Phases  I,  II.  and  III. 

PHASE  I — FLOW  VISUALIZATION  AND  PLANE  CASCADE  STUDIES 

In  Phase  I,  the  evaluation  of  NASA  series  airfoils  for  highly  loaded  design  applications 
indicated  that  the  suction  surface  rate  of  diffusion  was  too  high,  increasing  the  potential  for  flow 
separation.  Therefore,  non -series  airfoils,  specifically  designed  to  minimize  the  suction  surface 
rate  of  diffusion,  were  selected  for  the  Phase  I test  airfoils.  The  non-series  airfoils  were  designed 
using  computer  graphics  design  methods;  optimum  airfoils  were  identified  with  predicted  surface 
pressure  distributions  and  boundary  layer  characteristics.  By  tailoring  the  airfoil  camber  and 
thickness  distributions,  the  non-series  airfoil  suction  surface  rate  of  diffusion  was  minimized  and 
the  potential  for  flow  separation  reduced. 

Three  non-series  EGV  airfoils,  designed  for  gas  turnings  of  30-,  40-  and  50-deg  and  inlet 
Mach  numbers  of  0.5,  0.675  and  0.85,  respectively,  were  evaluated  in  a high  Mach  number  plane 
cascade  test  rig.  Relative  to  equivalent  state-of-the-art  series  airfoils,  the  non-series  airfoils 
demonstrated  improved  performance,  reducing  total  pressure  loss  and  increasing  diffusion. 
However,  the  non-series  airfoils  were  found  to  be  more  sensitive  to  incidence  variations. 

A flow  visualization  study  was  conducted  during  Phase  I to  determine  methods  to  reduce 
secondary  losses  by  improving  the  flow  near  the  endwalls.  Using  a low  Mach  number  (0.33)  two- 
dimensional  How  visualization  wind  tunnel  for  rapid  screening  of  airfoil  and  endwall  models,  a 
total  of  63  different  airfoil-endwall  configurations  were  tested.  Optimum  configurations  which 
were  subsequently  tested  in  the  40-deg  plane  cascade  included;  cutback  leading  edge, 
uncambered  trailing  edge,  reduced  suction  surface  camber,  and  pressure  side  endwall 
protrusions. 

Results  of  the  40-deg  plane  cascade  testing  indicated  that  the  spanwise  average  static 
pressure  rise  increased  with  each  modified  airfoil-endwall  configuration.  The  largest  increase  in 
static  pressure  rise  was  obtained  with  the  combined  airfoil-endwall  modifications.  Except  for  the 
pressure  side  endwall  protrusion,  each  modification  reduced  the  amount  of  secondary  loss  but 
also  decreased  the  gas  turning.  The  endwall  protrusion  resulted  in  an  increu:*  in  gas  turning; 
however,  the  total  pressure  loss  also  increased. 

The  Phase  I 30-,  40-  and  50-deg  performance  data  was  correlated  using  a Pratt  & Whitney 
Aircraft  (P&WA)  equivalent  cone  angle  (0eq)  correlation.  This  correlation  (presented  in 
figure  62)  equates  the  diffusing  airfoil  cascade  to  equivalent  conical  diffusers,  permitting  the 
airfoil  aspect  ratio  and  gap/chord  ratio  to  be  selected  for  maximum  diffusion  efficiency.  The  0eq 
correlation,  in  conjunction  with  the  ronseries  airfoil  design  technology,  was  used  to  design 
optimum  performance  highly  loaded  EGV’s  in  Phase  II. 
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PHASE  II  — ANNULAR  CASCADE  DESIGN  AND  TESTING 

In  Phase  II,  the  design  technology  identified  in  Phase  1 was  used  to  design  an  EGV  for  an 
advanced  engine,  single-stage,  fan  drive  turbine  with  a mean  exit  swirl  of  38  deg  and  an  exit  Mach 
number  of  0.539.  The  EGV  design  was  required  to  diffuse  the  flow  to  a Mach  number  at  or  below 
0.4  and  turn  the  flow  to  the  axial  direction.  A maximum  allowable  total  pressure  loss  of  2.0%  was 
selected  for  the  design.  The  experimental  investigations  conducted  during  this  phase  were  made 
in  an  annular  cascade  test  rig  which  was  designed  to  simulate  the  engine  turbine  exit  Mach 
number  and  swirl  distributions. 

The  equivalent  cone  angle  correlation  was  used  to  select  the  Phase  II  EGV  aspect  ratio  and 
gap/chord  ratio.  The  optimum  diffusion  efficiency  was  obtained  with  an  equivalent  conical  angle 
of  6.1  deg  for  an  aspect  ratio  of  2.478  and  a gap/chord  ratio  of  0.55.  The  test  rig  EGV  axial  chord 
was  set  at  1.54  in.,  resulting  in  a full  annulus  design  with  48  airfoils.  Using  the  non-series  design 
technology,  airfoil  sections  were  designed  for  each  of  five  spanwise  or  radial  positions  which  were 
curve-line  faired  during  fabrication. 

Two  EGV  annular  cascades  were  tested  during  Phase  II.  The  first  cascade  tested  was  the 
basic  non-series  airfoil.  The  second  cascade  was  identical  to  the  first  except  for  airfoil-endwall 
modifications  which  were  made  to  reduce  secondary  losses.  These  modifications  were  similar  to 
those  tested  in  Phase  I and  included  the  cutback  leading  edge,  uncambered  trailing  edge  and 
pressure  side  endwall  protrusions. 

The  performance  of  the  unmodified  non-series  airfoil  exceeded  the  design  performance  goals 
of  2%  loss  and  0.4  exit  Mach  number.  Across  the  airfoil  cascade  the  loss  was  1.5%  and  the  exit 
Mach  number  was  0.395.  For  the  combined  cascade  and  downstream  diffuser,  the  loss  was  2.3% 
and  the  exit  Mach  number  was  0.34. 

Performance  results  of  the  modified  airfoil  showed,  relative  to  the  unmodified  airfoil, 
increased  diffusion  (static  pressure  rise  coefficient  = 0.376  vs  0.357)  and  increased  gas  turning 
(exit  air  angle  = 91.5  deg  vs  94.0  deg).  However,  the  total  pressure  loss  increased  also,  2.3%  vs 
1.5%. 

The  measured  diffusion  efficiency  for  the  unmodified  airfoil  was  73.3%.  The  predicted 
diffusion  efficiency,  based  on  the  equivalent  cone  angle  correlation,  was  71.5%.  The  close 
agreement  between  measured  and  predicted  diffusion  efficiencies  substantiates  the  cone  angle 
correlation.  The  correlation,  although  based  on  plane  cascade  (2-D)  data,  can  be  applied  directly 
to  annular  cascade  (3-D)  designs. 

PHASE  III  — SUPPLEMENTARY  ANNULAR  CASCADE  TESTING 

Three  supplementary  annular  cascade  tests  were  conducted  during  Phase  III  to  further 
evaluate  the  Phase  I and  Phase  II  airfoil-endwall  modifications.  Results  of  these  tests  showed 
that,  contrary  to  the  Phase  I test  results,  the  cutback  leading  edge  and  uncambered  trailing  edge 
airfoil  modifications  decreased  performance,  increasing  the  total  pressure  loss  and  decreasing  the 
gas  turning.  The  endwall  modifications  (pressure  side  protrusions)  showed,  relative  to  a cutback - 
uncambered  airfoil,  an  improvement  in  performance.  The  protrusions  decrease  the  total  pressure 
loss  and  increase  the  static  pressure  rise  and  gas  turning.  A reduced  size  protrusion, 
approximately  one-half  the  size  of  the  full  protrusion,  resulted  in  the  largest  reduction  in  total 
pressure  loss,  indicating  that  an  optimum  protrusion  size  exists. 
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In  addition  to  the  airfoil-endwall  modification  tests  conducted  in  Phase  III,  a state-of-the- 
art  series  airfoil  was  tested  in  the  annular  cascade  test  rig  in  order  to  identify  performance 
improvements  made  with  the  advanced  technology  non-series  airfoils.  The  65-series  circular  art- 
mean  camberline  NASA  series  was  selected  for  the  representative  state-of-the-art  airfoil.  The 
series  airfoil  geometric  design,  except  for  surface  curvatures,  was  identical  to  the  non-series  airfoil 
design  (i.e„  aspect  ratio,  gap/chord  ratio,  etc.) 

Performance  comparisons  made  between  the  series  and  non-series  EGV’s  showed  that  the 
non-series  EGV  improved  performance.  The  total  pressure  loss  was  lower  ( 1.5‘f  vs  2.5rr)  and  the 
static  pressure  rise  was  higher  (0.357  vs  0.343).  Flow  visualization  tests  made  on  the  series  airfoil 
indicated  that  the  higher  total  pressure  loss  was  caused  by  flow  separation.  Analytical  studies 
made  prior  to  the  series  airfoil  test  predicted  the  flow  separation.  The  non-series  airfoil, 
specifically  designed  with  a reduced  suction  surface  rate  of  diffusion,  as  predicted,  did  not 
separate. 

PHASE  IV  — CRITIQUE 

The  Phase  I plane  cascade  data  was  reviewed  in  order  to  establish  a data  bank  for  use  in 
predicting  the  spanwise  losses  for  highly  loaded  non-series  EGV’s.  A secondary  flow  expansion 
angle  was  defined  to  predict  the  location  of  the  secondary  flow  spanwise  endpoints.  Between  the^e 
spanwise  locations,  the  losses  are  assumed  to  be  profile  losses  and  are  estimated  using  the  Phase 
I profile  loss  data.  Secondary  losses  are  estimated  by  using  equivalent  secondary  losses  which  are 
based  on  the  Phase  I secondary  loss  data.  In  addition  to  the  loss  data  review,  the  plane  cascade 
air  angle  data  was  reviewed  to  identify  possible  design  deviation  improvements.  In  general,  the 
measured  non-series  EGV  gas  turning  was  less  than  the  predicted  gas  turning.  The  difference 
between  measured  and  predicted  gas  turning  increased  with  inlet  Mach  number,  permitting 
identification  of  a Mach  number  correction  to  the  design  deviation  prediction  system. 

Because  turbine  EGV’s  are  generally  required  to  accommodate  rear  bearing  compartment 
support  rods  and  oil  lines,  thick  long  chord  low  aspect  ratio  airfoils  are  used.  This  requirement 
was  not  considered  in  the  design  and  selection  of  the  EGV  program  test  airfoils.  Therefore,  to 
properly  assess  the  program  test  results,  a low  aspect  ratio  EGV  was  designed  and  analytically 
evaluated  for  comparison  with  the  Phase  II  high  aspect  ratio  EGV.  Predicted  losses  for  both 
designs  show  that  the  low  aspect  ratio  loss  is  0.8?r  higher.  In  addition,  the  amount  of  suction 
surface  diffusion  conducted  prior  to  flow  separation  was  very  low,  indicating  possible  additional 
increases  in  total  pressure  loss  with  decreased  diffusion  efficiencies.  Weight  and  cost  comparisons 
made  between  the  high  and  low  aspect  ratio  EGV’s  showed  that  the  high  aspect  ratio  EGV 
weighed  17  lb  more,  and  (for  a single  piece  casting)  had  the  same  procurement  cost. 

The  EGV  program  non-series  airfoils  were  designed  with  small  circular  leading  edges  in 
order  to  obtain  the  minimum  suction  surface  rate  of  diffusion.  These  airfoils  are  very  sensitive  to 
incidence  variations.  Therefore  an  incidence  sensitivity  study  was  conducted  to  compare  and 
evaluate  the  incidence  ranges  of  series  and  non-series  EGV’s. 

Using  predicted  airfoil  pressure  distributions  and  an  arbitrarily  selected  minimum  leading 
edge  oyerspeed  value  of  P,/PT  = 0.5,  the  circular  leading  edge  non-series  EGV  had  an  incidence 
range  of  2.0  deg.  The  65  series  EGV  incidence  range  was  9.0  deg.  Redesigning  the  non-series 
EGV’s  with  elliptical  leading  edges  increased  their  incidence  range  to  6.0  deg. 
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State-of-the-art  advancements  made  as  a result  of  the  EGV  technology  development 
program  are: 

1 Application  of  non-series  airfoil  design  technology  to  highly  loaded  tubine 
EGV’s;  the  non-series  airfoils  demonstrating  relative  to  equivalent  series 
airfoils,  a reduction  in  total  pressure  loss,  higher  diffusion  efficiencies  and 
reduced  tendencies  for  flow  separation; 

2 Extension  of  the  P&WA  equivalent  conical  angle  correlation  (0eq)  for 
diffusing  cascades  into  a range  of  cone  angles  applicable  to  advanced 
engine  turbine  EGV’s;  the  correlation,  based  on  plane  cascade  (2-D)  data 
and  demonstrated  in  an  annular  cascade  (3-D)  design,  was  used  to  obtain 
optimum  diffusion  efficiencies; 

3 EGV  airfoil  pressure  side  protrusions  demonstrated  reduced  secondary 
losses  with  improved  spanwise  gas  turning  distributions  and  increased 
diffusion. 


FOREWORD 


This  final  Report  was  produced  in  accordance  with  Contract  for  Exit  Guide  Vane  Program, 
No.  F33615-74-C-2060,  Project  No.  3066,  Task  No.  0624,  under  the  direction  of  Mr.  Wayne  A. 
Tall,  TBC  of  the  Air  Force  Aero  Propulsion  Laboratory.  It  presents  the  work  conducted  by  Pratt 
& Whitney  Aircraft  Group  of  United  Technologies  Corporation  in  accordance  with  Sequence  No. 
6 of  Exhibit  A (DD  Form  1423)  of  the  contract.  The  work  under  the  contract  was  performed  under 
John  F.  Soileau  and  William  S.  Mitchell  of  Pratt  & Whitney  Aircraft  Group. 
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INTRODUCTION 


Industry  design  trends  call  for  increasing  turbine  stage  loading.  Studies  of  advanced  highly 
loaded  turbines  indicate  that  aerodynamic  performance  generally  increases  with  increasing  blade 
reaction  levels.  The  relatively  high  reaction  levels,  together  with  the  elevated  stage  pressure  ratios 
of  these  advanced  turbines,  raise  exit  Mach  numbers  and  tangential  swirls  above  state-of-the-art 
levels.  In  downstream  turbines,  e.g.,  fan  drive  turbine  stages,  these  high  exit  Mach  numbers  and 
swirls  require  improved  exit  guide  vanes  (EGV’s)  to  provide  compatible  flow  conditions  with 
engine  exhaust  systems  and/or  augmentors.  Anticipated  inlet  conditions  for  advanced  EGV’s  are 
Mach  numbers  in  the  0.5  to  0.85  range  and  swirl  angles  in  the  30-  to  50-deg  range.  The  EGV’s 
must  turn  the  flow  to  the  axial  direction  and  diffuse  it  to  a Mach  number  of  approximately  0.4. 
Recognizing  these  requirements,  the  Air  Force  Aero  Propulsion  Laboratory  has  sponsored  a 
technology  development  program  for  turbine  EGV’s. 

The  program,  reported  herein,  was  designed  with  the  objective  of  developing  and 
demonstrating  design  techniques  for  optimizing  airfoil  and  endwall  geometries  of  highly  loaded 
turbine  EGV’s.  The  program  consisted  of  four  phases  and  covered  a 40-month  period. 

Phase  I of  the  EGV  program  was  an  analytical  and  experimental  investigation  conducted  to: 
(1)  extend  the  design  and  development  work  previously  published  for  diffusing  airfoil  cascades 
(compressor  type  airfoils)  into  the  Mach  number  and  gas  turning  ranges  applicable  to  the  design 
of  highly  loaded  turbine  EGV’s  and  (2)  develop  the  experimental  data  for  an  EGV  design  system. 

The  Phase  I analytical  investigations  included  the  application  of  computer  graphics  design 
techniques  to  design  highly  loaded  EGV’s,  and  airfoil  performance  evaluation  using  predicted 
pressure  distributions  and  suction  surface  boundary  layer  analysis.  The  experimental  investiga- 
tions were  conducted  with  two-dimensional  cascades  in  the  Pratt  & Whitney  Aircraft 
Government  Products  Division  high  Mach  number  plane  cascade  test  facility  and  its  low  Mach 
number  flow  visualization  wind  tunnel.  The  flow  visualization  wind  tunnel  was  used  for  rapid 
screening  tests  of  airfoil  and  endwall  models  intended  to  reduce  secondary  losses  by  improving 
the  endwall  flow  field.  Promising  airfoil  and  endwall  models  were  subsequently  tested  in  the 
plane  cascade  test  facility. 

Phase  II  of  the  EGV  program  was  an  experimental  and  analytical  investigation  conducted 
to:  (1)  evaluate  and  improve  the  accuracy  of  the  Phase  I design  system,  and  (2)  evaluate,  in  a 
three-dimensional  flow  environment,  the  effects  of  spanwise  variations  in  Mach  number,  gas 
turning  and  gap/chord  ratio.  The  Phase  II  experimental  investigations  were  conducted  in  an 
annular  cascade  test  facility  designed  to  provide  EGV  inlet  Mach  number  and  swirl  distributions 
which  are  typical  of  an  advanced  engine  application. 

In  this  phase,  two  EGV  annular  cascades  were  tested.  The  first  airfoil  was  a non-series  high 
aspect  ratio  design  which  did  not  have  any  airfoil  or  endwall  modifications  included  in  the  design 
to  reduce  secondary  losses.  The  second  airfoil  was  exactly  the  same  as  the  first  except  for  endwall 
and  airfoil  modifications  intended  to  reduce  secondary  losses.  These  modifications  included  (at 
or  near  the  endwall):  cutback  leading  edge,  uncambered  trailing  edge  and  pressure  side 
protrusions. 

Phase  III  of  the  program  originally  was  scheduled  to  be  a full-size  rotating  rig  test  to 
demonstrate  the  EGV  program  Phase  I and  Phase  II  design  technology  advancements.  However, 
the  Phase  II  test  results  raised  some  question  as  to  which  airfoil  and  endwall  modifications 
(designed  to  reduce  secondary  losses)  were  beneficial.  Therefore,  three  supplementary  annular 
cascade  tests  were  conducted  in  Phase  III  to  evaluate  the  individual  performance  benefits  of  the 
cutback  leading  edge,  uncambered  trailing  edge,  and  endwall  protrusions.  In  addition,  a fourth 
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annular  cascade  test  was  conducted  during  this  phase  to  define  the  baseline  performance  level  of 
a state-of-the-art  series  airfoil.  Performance  improvements  obtainable  with  the  EGV  Program 
advanced  technology  non-series  airfoils  were  identified  by  comparing  the  series  and  non-series 
airfoil  test  results. 

Phase  IV  of  the  EGV  program  was  a critique  which  included:  (1)  a review  of  the  Phase  I non- 
series EGV  design  system,  (2)  a design  study  of  the  advantages  and  disadvantages  of  low  and  high 
aspect  ratio  EGV’s,  (3)  a design  study  comparing  the  incidence  sensitivity  of  series  and  non-series 
EGV’s,  and  (4)  the  definition  of  state-of-the-art  technology  advancements  made  as  a result  of  the 
EGV  program. 


SECTION  I 

PHASE  I — FLOW  VISUALIZATION  AND  PLANE  CASCADE  STUDIES 


Phase  I of  the  Exit  Guide  Vane  (EGV)  program  was  an  analytical  and  experimental 
investigation  conducted  to:  (1)  extend  the  design  and  development  work  previously  published  for 
diffusing  airfoil  cascades  (compressor  type  airfoils)  into  the  Mach  number  and  gas  turning  ranges 
applicable  to  the  design  of  highly  loaded  turbine  EGV’s,  and  (2)  develop  the  experimental  data 
for  an  EGV  design  system. 

The  Phase  I analytical  investigations  included  the  application  of  computer  graphics  design 
techniques  to  design  highly  loaded  EGV’s,  and  airfoil  performance  evaluation  using  predicted 
pressure  distributions  and  suction  surface  boundary  layer  analysis.  The  experimental  investiga- 
tions were  conducted  with  two-dimensional  cascades  in  the  P&WA  (Government  Products 
Division),  high  Mach  number,  plane  cascade  test  facility  and,  low  Mach  number,  flow 
visualization  wind  tunnel.  The  flow  visualization  wind  tunnel  was  used  for  rapid  screening  tests 
of  airfoil  and  endwall  models  intended  to  reduce  secondary  losses  by  improving  the  endwall  flow 
field.  Promising  airfoil  and  endwall  models  were  subsequently  tested  in  the  plane  cascade  test 
facility. 

A.  AIRFOIL  AND  ENDWALL  ANALYSIS  AND  DESIGN 
1.  Design  Point  Selection 

The  normal  procedure  for  designing  turbine  exit  guide  vanes  (EGV’s)  is  to  use  NASA  series 
airfoils.  Selection  of  series  airfoils  simplifies  the  design  process  because  it  makes  use  of  extensive 
compressor  cascade  data.  Also  thick  airfoils  are  usually  selected  to  accommodate  oil  tubes  and  aft 
bearing  supports.  Unfortunately,  thick  airfoils  cause  high  losses  due  to  relatively  low  critical 
Mach  numbers  and  airfoil  choking,  and  series  airfoils  do  not  permit  the  geometric  tailoring 
desired  to  reduce  the  severe  endwall  losses  encountered  with  EGV  designs.  Therefore,  it  was 
decided  that  the  test  airfoils  for  this  program  would  be  selected  to  yield  promising  pressure 
distributions  that  avoid  boundary  layer  separation,  and  that  no  mechanical  restrictions  would  be 
placed  on  airfoil  thickness. 

During  Phase  I,  three  non-series  EGV  airfoils  with  turnings  of  30,  40,  and  50  deg  were 
designed,  fabricated,  and  tested.  Table  1 presents  a comparison  of  design  parameters  for  these 
airfoils.  The  30-deg  airfoil  was  representative  of  current  turbine  EGV  designs  in  that  it  was 
designed  for  an  inlet  Mach  number  of  0.500.  For  the  maximum  turning  airfoil  (50  deg), 
contractual  requirements  set  the  inlet  Mach  number  of  0.85,  with  diffusion  to  an  exit  Mach 
number  of  0.40.  For  the  40-deg  cascade  design,  an  inlet  Mach  number  of  0.675  (midway  between 
the  30-  and  50-deg  design  values)  was  selected.  Note  in  Table  1 that  the  aerodynamic  loading 
levels,  AP./fP^-Pi  ),  for  the  40-  and  50-deg  airfoil  designs  represent  a considerable  increase  over 
current  loading  levels  typified  by  the  30-deg  airfoil  loading  level. 
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TABLE  1 

AIRFOIL  DESIGN  PARAMETERS 


EGV  Airfoil,  deg 

30 

40 

50 

Inlet  Air  Angle,  £f„  deg 

60 

50 

40 

Exit  Air  Angle,  d„  deg 

90 

90 

90 

Inlet  Mach  Number,  M, 

0.5 

0.675 

0.85 

Exit  Mach  Number,  M, 

0.39 

0.38 

0.38 

Pressure  Rise  Coefficient,  AP./(Pt  -P,  ) 
Exit-to-Inlet  Channel  Height  Ratio,  H^H, 

0.365 

0.650 

0.750 

1.05 

1.15 

1.05 

Suction  Side  Loading,  APyQm«, 

0.569 

0.810 

0.909 

Gap-to-Chord  Ratio,  r/b 

0.77 

0.39 

0.38 

Thickness  Ratio,  t/b 

0.072 

0.073 

0.071 

2.  Selection  of  Model  Scale 

The  airfoil  scale  was  based  on  selected  test  facility  capabilities  and  aspect  ratios  of  interest 
for  engine  EGV’s.  The  selected  plane  cascade  test  facility  had  a 3.0  in.  wide  approach  passage. 
To  maintain  a Mach  number  of  0.4  or  less  in  this  passage,  and  thus  avoid  excessive  duct  pressure 
losses  and  distortion,  a vane  leading  edge  span  of  1.9  in.  was  selected  for  the  EGV  airfoils.  (See 
Figure  1.)  With  this  span  height,  the  inlet  Mach  number  to  the  test  airfoils  was  about  0.9  when 
the  approach  duct  Mach  number  was  0.4.  The  vane  chord  was  set  at  1.9  in.  This  selection  was 
based  on  a review  of  EGV  geometries  for  operational  engines  which  indicated  that  an  EGV  aspect 
ratio  of  1.0  was  typical.  Figure  2 presents  Reynolds  number  as  a function  of  facility  total 
temperature  at  a minimum  inlet  Mach  number  of  0.5  for  the  selected  chord  dimension.  The 
facility  was  run  with  an  inlet  total  temperature  of  160°F,  so  the  minimum  vane  Reynolds  number 
was  approximately  500,000;  hence,  the  flow  was  turbulent  over  the  airfoils  in  all  tests. 

Rig  Side  Plate  — ^ 


Mma*  - 0.4 


Mmax  - 0.9 


Airfoil 


Endwall 

Inserts- 


1.90  In. 


Ambient 

Exit 

Conditions 


3.00  In. 


Rig  Side  Plate — • 

Figure  1.  Exit  Guide  Vane  Cascade  Schematic 


i 


TOTAL  TEMPERATURE 


r — 

f ' 

K> 

V 

o 

X 

g 

2d 

| 

-a 

o 

..  Z. 

> 

UJ 

CE 

Figure  2.  Minimum  Cascade  Reynolds  Number 


3.  30-Degree  Caecede  Airfoil  Design 

A survey  of  exiting  EGV’s  was  made,  and  significant  design  parameters  were  tabulated  for 
airfoil  sections  having  close  to  30-deg  gas  turning.  (Table  2 presents  a summary  of  this  survey.) 
Based  on  these  results,  the  following  design  requirements  were  selected  for  the  30-deg  cascade:  Ma 
= 0.5,  Ms  = 0.4,  H./H,  = 1.05,  and  0.3  <DF<0.4.  Gap/chord  ratio  selection  was  based  on  not 
exceeding  the  state-of-the-art  DF  range  for  30-deg  gas  turning.  A diffusion  factor  map,  based  on 
the  selected  design  parameters,  is  presented  in  Figure  3.  A gap/chord  of  0.8  was  selected  to  satisfy 
state-of-the-art  loading  level  requirements. 
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GAP/CHORD 


TABLE  2 

30-DEG  GAS  TURNING  EXIT  GUIDE  VANE  SECTIONS 


Exit  Guide  Vane 

Section 

iiiU 

M, 

M, 

Df 

AAJAA 

JTll  Mod  10 

Root 

27.90 

0.500 

0.390 

0.390 

70 

STF  219  (SST) 

Mean 

27.40 

0.520 

0.480 

0.310 

30 

Single-Stage  Fan 

Drive  Turbine  EGV 

Root 

31.99 

0.564 

0.365 

0.462 

1.0 

38 

Average 

29.09 

0.528 

0.411 

0.387 

46 

Figure  3.  Diffusion  Factor  for  30-deg  Cascade 
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It  has  been  customary  to  design  thick  EGV  (t/b  = 15%)  to  accommodate  structural  and/or 
service  lines.  This  requirement  reduces  airfoil  choke  margin  and  increases  suction  surface 
diffusion.  It  was  decided  that  aerodynamic  performance  should  not  be  compromised  to  maintain 
traditional  thickness.  Therefore,  the  selected  thickness/chord  ratio  of  7.5 ci  was  approximately 
one-half  of  the  current  EGV  design  practice  and  in  the  airfoil  thickness  range  used  in  high- 
performance  compressor  airfoils. 

The  relative  merit  of  using  non-series  EGV  designs  for  Phase  I was  evaluated  by  comparing 
these  designs  to  state-of-the-art  series  airfoils  on  the  basis  of  calculated  separation  tendencies. 
Suction  surface  pressure  distributions  and  friction  coefficient  (C / distributions  from  boundary 
layer  analyses)  were  calculated  for  each  potential  design.  Separation  was  assumed  to  occur  at  the 
point  where  Cf  equalled  zero.  The  criterion  for  improvement  was  a marked  reduction  of 
separation  potential  over  series  airfoils  with  the  same  design  parameters.  The  series  airfoils 
selected  for  comparison  in  the  30-deg  EGV  design  included  a 400  series,  circular  arc,  65  series  with 
a circular  arc  mean  line,  and  modified  65  series.  Figure  4 presents  cross  sections  for  each  of  the 
selected  series  airfoils.  Calculated  suction  surface  pressure  distributions  for  these  airfoils  are 
shown  in  Figure  5.  It  can  be  seen  that  the  rate  of  diffusion  on  the  suction  surface  is  highest  for  the 
400  series  airfoil  and  lowest  for  the  circular  arc  design.  These  two  designs  were  then  selected  as 
representative  state-of-the-art  configurations  for  boundary  layer  analysis.  It  was  expected  that 
the  400  series  design  would  be  more  likely  to  separate  than  the  circular  arc  configuration.  Figure 
6 confirms  this  conclusion  in  that  the  skin  friction  coefficient  on  the  400-series  airfoil  indicates 
separation  at  a surface  distance  of  about  0.67  inches.  Boundary  layer  separation  is  not  predicted 
for  the  circular  arc  airfoil,  but  Cf  does  drop  to  0.0006  before  transition  to  turbulent  flow  occurs. 

With  these  series  airfoils  as  baselines,  non-series  configurations  were  developed  that  had  the 
same  design  parameters,  but  with  reduced  suction  surface  diffusion  and  no  indication  of  potential 
separation.  This  design  task  was  accomplished  with  a version  of  the  turbine  graphics  design 
system  that  had  been  modified  to  accommodate  diffusing  cascades. 

At  least  30  different  non-series  EGV  configurations  were  generated  in  an  effort  to  select  an 
airfoil  with  a higher  performance  potential  than  the  state-of-the-art  airfoils.  Figure  7 shows  three 
of  the  most  promising  non-series  designs.  Figure  8 presents  pressure  distributions  for  these  non- 
series designs,  superimposed  on  those  for  state-of-the-art  airfoils.  Design  1 offers  improved 
aerodynamic  performance  relative  to  the  400  series;  however,  when  compared  to  the  other  series 
designs,  it  is  not  so  promising.  Designs  2 and  3 represent  efforts  to  further  refine  the  non-series 
airfoil  configurations.  For  both  designs,  the  minimum  pressure  levels  were  raised  by  shifting  the 
maximum  thickness  point  further  downstream. 

Boundary  layer  analyses  of  the  three  non-series  designs  were  conducted  to  evaluate  any 
tendency  to  separate.  (See  Figure  9.)  The  three  non-series  designs  had  better  boundary  layer 
characteristics  (higher  average  Cf)  than  either  the  400  series  or  circular  arc  airfoils  and,  hence, 
were  less  likely  to  separate.  Design  No.  2 was  selected  as  the  final  airfoil  configuration  for  the  30- 
deg  EGV  because  it  generally  had  the  highest  level  of  Cf  over  the  entire  suction  surface.  Figure 
10  presents  the  selected  30-deg  airfoil  cross  section  and  design  parameters.  Table  1 compares 
important  design  parameters  of  the  30-deg  airfoil  to  those  for  the  40-  and  50-deg  airfoils.  The  30- 
deg  airfoil  coordinates  are  presented  in  Appendix  A. 
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( nmparison  of  3()-deg  Cascade  Series  Airfoil  Suction  Surface  Pressure 
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Figure  6.  Comparison  of  30-deg  Cascade,  400  Series,  and  Circular  Arc  Series 
Airfoil  Suction  Surface  Skin  Friction  Coefficient 
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Figure  7.  30-deg  EGV  Cascade  Non-Series  Airfoil 
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Comparison  of  30-deg  Cascade  and  Non-Series  Airfoil  Suction  Surface 
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Figure  10.  30-deg  EGV  Cascade  Non-Series  Airfoil  Geometry 


4.  40-Degree  Cescede  Airfoil  Design 


Selection  of  the  design  axial  area  ratio  for  the  40-deg  cascade  was  based  on  a parametric 
study  to  evaluate  the  effect  of  axial  area  ratio  and  total  pressure  loss  on  exit  Mach  No.  The 
parametric  curves  are  shown  in  Figure  1 1 . From  this  study,  a design  axial  area  ratio  of  1.15  was 
selected.  As  the  curve  shows,  this  value  will  permit  a total  pressure  loss  up  to  5 ci  and  still  satisfy 
the  design  diffusion  requirement  of  an  exit  Mach  number  of  0.4.  If  pressure  loss  is  less  than  5'<, 
more  diffusion  (lower  exit  Mach  number)  will  be  obtained. 

The  40-deg  airfoil  spacing  was  reduced  to  a gap-to-chord  ratio  (r/b)  of  0.39,  about  one-half 
the  value  of  the  30-deg  RGV ; however,  even  with  this  close  spacing,  the  cascade  was  highly  loaded 
(the  suction  side  AP»/QmH,  ratio  is  0.81 ).  Pressure  distributions  for  the  selected  non-series  design 
and  a state-of-the-art,  circular  arc  airfoil  are  shown  in  Figure  12.  Results  of  a boundary  layer 
analysis  of  the  suction  surface  for  both  airfoils  are  presented  in  Figure  13.  It  can  be  seen  that  the 
analysis  calculated  separation  (i.e„  C / = 0.0)  for  the  circular  arc  airfoil  at  a suction  surface 
distance  of  0.88  in.  Flow  on  the  suction  surface  of  the  non-series  design  transitioned  from  laminar 
to  turbulent  flow  and  did  not  separate  until  very  near  the  trailing  edge.  Figure  14  shows  the 
selected  40-deg  airfoil  and  pertinent  design  parameters.  Airfoil  coordinates  are  presented  in 
Appendix  A. 

5.  50-Degree  Cescede  Airfoil  Design 

The  third  and  final  EGV  for  the  Phase  I plane  cascade  study  was  designed  to  have  a 50-deg 
turning  capability  and  diffuse  a 0.85  inlet  Mach  number  to  an  exit  Mach  number  of  0.4.  To  obtain 
the  required  diffusion,  a 1.05  design  axial  area  ratio  was  selected.  Figure  15  shows  that  a 5rr 
pressure  loss  can  be  sustained  and  still  satisfy  diffusion  requirements.  The  close  spacing  of  the  40- 
deg  EGV  was  maintained  for  the  50-deg  design  (r/b  = 0.38).  Pressure  distributions  for  the 
selected  non-series  design  and  a comparable  circular  arc  configuration  (representing  a state-of- 
the-art  design)  are  presented  in  Figure  16.  The  non-series  pressure  distribution  clearly  shows 
(when  compared  with  the  circular  arc  distribution)  how  airfoil  loading  has  been  shifted  back  into 
the  covered  portion  of  the  channel.  This  effect  has  been  typical  of  30-  and  40-deg  designs,  but  is 
more  obvious  with  the  extremely  high  loading  required  for  the  50-deg  EGV.  Figure  17  presents  the 
calculated  suction  surface  skin  friction  coefficient  distribution.  It  can  be  seen  that  incipient 
separation  is  calculated  for  the  circular  arc  design  at  a suction  surface  distance  of  only  0.4  in., 
while  separation  for  the  non-series  design  does  not  occur  until  near  the  trailing  edge.  Figure  18 
presents  the  selected  50-deg  EGV  non-series  design  and  pertinent  design  parameters.  Airfoil 
coordinates  are  presented  in  Appendix  A. 

6.  End  wall  Design* 

Table  3 presents  a survey  of  EGV  axial  area  ratios  ( AA,/AAS)  for  several  modern  engines.  It 
can  be  seen  that  the  area  ratios  range  from  1.03  for  the  STF  219  to  1.17  for  the  F401  Redesign  II. 
Based  on  these  results,  1.0, 1.1,  and  1.2  axial  area  ratios  were  selected  for  evaluation.  The  selected 
ratios  covered  the  range  of  interest  for  EGV’s,  as  well  as  providing  a common  basis  of  comparison 
with  data  from  compressor  cascades  having  no  endwall  divergence. 

Three  sets  of  endwalls,  with  straight  diverging  sections  from  the  airfoil  leading  to  trailing 
edges,  were  designed  for  each  of  the  sets  of  airfoils  (i.e.,  for  the  30-,  40-,  and  50-deg  airfoils).  These 
endwalls  and  airfoils  provide  nine  diverging  endwall  cascades  to  be  evaluated. 
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Figure  11.  40-deg  Cascade  Parametric  Data  (M,  = 0.675,  O-deg  Exit  Swirl) 
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Figure  15.  50-deg  Cascade  Parametric  Data  (M,  = 0.85,  O-deg  Exit  Swirl) 
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Figure  16.  Comparison  of  50-deg  Cascade  Circular  Arc  and  Non-Series  Airfoil 
Pressure  Distributions 
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Figure  18.  50-deg  EGV  Cascade  Non-Series  Airfoil  Geometry 


B.  FLOW  VISUALIZATION  STUDY  AND  TEST  SETUP 


The  objective  of  the  flow  visualization  study  was  to  determine  methods  to  improve  the 
endwall  flow  of  turbine  exit  guide  vanes.  Available  analytical  tools  are  inadequate  to  evaluate 
geometric  variations,  which  are  intended  to  modify  the  three-dimensional,  viscous  flow  field  in 
the  endwall  region.  Therefore,  a low-speed,  two-dimensional,  flow  visualization  wind  tunnel  was 
used  for  rapid  screening  tests  of  airfoil  and  endwall  models.  Promising  airfoil  and  endwall 
geometries  were  subsequently  tested  in  the  40-deg  EGV  cascade. 

1.  Test  Setup  and  Test  Procedure 

The  flow  visualization  test  facility,  illustrated  in  Figure  19,  draws  ambient  air  through  a 
rectangular  bellmouth  before  entering  the  cascade  test  section.  The  cascade  tlow  exhausts 
through  tailboards  into  a plenum,  which  is  connected  to  two  25-hp,  constant -speed,  axial-flow 
blowers  that  operate  in  series.  The  flow  velocity  through  the  cascade  is  adjusted  by  varying  the 
amount  of  amibent  air  that  is  permitted  to  enter  the  plenum  downstream  of  the  cascade.  The  top 
endwall  was  made  of  clear  plexiglas  so  the  cascade  could  be  observed  during  operation.  The 
opposite  endwall  was  made  of  modeling  clay  from  one-chord-length  upstream,  to  one-chord- 
length  downstream  of  the  cascade.  The  clay  endwall  could  be  readily  formed  into  any  desired 
contour.  Boundary  layer  flow  patterns  were  observed  by  placing  dots,  which  consisted  of  a 
mixture  of  oil  and  lampblack,  on  the  airfoil  and  endwall  surfaces  of  interest.  The  flow  patterns 
were  documented  by  sketches  for  each  configuration.  Photographs  were  made  of  the  more 
significant  patterns. 


Figure  19.  Flow  Visualization  Test  Facility 
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A typical  test  cascade  consisted  of  five  airfoils.  These  airfoils  and  the  rig  sidewalls  formed 
six  channels,  as  shown  in  Figure  20.  A basic  model  consisted  of  the  desired  airfoil  design  with 
straight  (uncontoured)  endwalls.  In  most  cases,  there  was  a preselected  axial  area  change  through 
the  cascade  (H,/Ha).  The  cascade  was  built  on  a wooden  platform.  The  clay  endwal!  was  formed 
in  a 1.0-in.  deep  cutout  section  to  permit  ample  room  for  endwall  contouring.  Airfoil  dimensions 
were  the  same  as  those  used  in  the  plane  cascade  tests.  Therefore,  unmodified  airfoil 
configurations  made  use  of  the  aluminum  plane  cascade  vanes.  Modified  airfoils  were  constructed 
of  wood  and  generally  installed  in  the  three  center  vane  positions.  The  test  section  span  was  1.9 
in.  at  the  leading  edge.  A silicon  rubber  seal  was  formed  on  the  airfoil  to  bear  against  the  plexiglas 
top  endwall. 

Preparations  for  testing  in  the  flow  visualization  wind  tunnel  consisted  of:  attaching  the 
assembled  cascade  pack  to  the  bottom  plate,  shaping  the  clay  endwall  to  the  desired  contour,  and 
spotting  oil  and  lampblack  dots  on  the  endwall  and  airfoil  surfaces.  The  two  electric  blower 
motors  were  turned  on,  and  the  tunnel  was  permitted  to  run  about  five  minutes,  while  boundary 
layer  flow  pattern  formations  were  observed  through  the  plexiglas  top.  Notes  and  hand  sketches 
of  the  flow  patterns  were  made  for  each  configuration.  Photographs  were  made  for  more  than  half 
the  tests. 


Figure  20.  Flow  Visualization  Cascade  Rig  Model 
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The  cascade  inlet  Mach  No.,  determined  from  static  pressure  measurements  at  the  cascade 
inlet,  was  0.33.  The  velocity  boundary  layer  thickness  (6),  based  on  a turbulent  flat  plate 
correction  of  Reference  1 was  calculated  to  be  about  0.9  in.  The  inlet  flow  direction  was  set  by  the 
orientation  of  the  tunnel  sidewall  with  the  plane  of  the  cascade  leading  edges.  Measurement  of 
the  inlet  boundary  layer  streamline  patterns  showed  that  the  inlet  flow  direction  varied  about  two 
degrees.  This  small  variation  from  the  desired  angle  did  not  affect  the  qualitative  interpretation 
of  data  from  these  tests. 


2.  Test  Results 

A total  of  63  different  airfoil-endwall  configurations  were  tested  in  the  flow  visualization 
study.  A description  of  each  configuration  and  a brief  summary  of  results  are  presented  in 
Appendix  B.  With  the  exception  of  the  first  two  configurations  in  which  30-deg  airfoils  were  used, 
all  tests  were  made  with  40-deg  airfoils.  Spacing  of  the  30-deg  airfoils  was  at  the  design  gap-to- 
chord  ratio  (r/b)  of  0.77;  a nominal  divergence  of  the  endwall  through  the  cascade  was  selected 
so  that  Hj/Ha  = 1.075.  The  checkout  tests  of  configurations  1 and  2 demonstrated  the  feasibility 
of  obtaining  clearly  defined  boundary  layer  flow  patterns,  as  well  as  the  possibility  of  observing 
variations  of  these  patterns  by  modifying  the  endwall  contour.  Figure  21  shows  flow  patterns  from 
adjacent  passages  during  a checkout  run.  It  can  be  seen  that  the  boundary  layer  streamlines  are 
clear  and  have  been  altered  by  addition  of  an  endwall  protrusion  along  the  pressure  side  in  the 
upper  channel. 

Test  configurations  3 through  15  used  the  40-deg  airfoil  with  H./H,  set  at  the  design  value 
of  1.15.  Since  the  axial  area  increase  in  the  flow  visualization  rig  was  due  to  the  diverging  of  only 
one  endwall,  the  resultant  endwall  divergence  of  8.5  deg  was  twice  that  of  comparable  plane 
cascade  models  where  both  walls  diverge.  It  was  thought  that  the  high  endwall  divergence  might 
be  creating  a more  severe  local  diffusion  rate  than  desired,  so  the  axial  area  ratio  was  reduced  to 
match  the  endwall  divergence  angles  of  comparable  plane  cascade  models  (4.3  deg).  The 
corresponding  axial  area  ratio  of  1.075  was  maintained  for  the  remaining  flow  visualization  tests 
(configurations  16  through  63).  The  40-deg  airfoil  design  gap-to-chord  ratio  of  0.39  was  used  for 
all  configurations  (3  through  63),  except  where  noted  for  reduced  solidity  effects. 


To  evaluate  the  various  flow  visualization  configurations,  a quantitative  scoring  system  was 
developed  on  the  basis  of  three  identifiable  boundary  layer  flow  characteristics.  These  were; 

1)  Airfoil  suction  surface  separation  — The  height  of  suction  surface  separation 
above  the  endwall  at  the  trailing  edge 

2)  Endwall  flow  — The  quality  of  endwall  flow  between  adjacent  airfoils 

3)  Downstream  flow  — The  quality  of  endwall  flow  downstream  of  the  cascade. 
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The  scoring  criteria  are  presented  Table  4.  Configurations  were  assigned  a score  from  0 to  3 in. 
category.  The  total  configuration  score  was  obtained  by  adding  increments  from  each  category, 
with  a maximum  possible  of  9.0.  The  overall  scores  are  given  in  Table  5 for  all  configurations  for 
which  photographic  records  were  made. 


TABLE  4 

SCORING  OF  BOUNDARY  LAYER 
FLOW  VISUALIZATION  PATTERNS 


Category 


Criteria 


Airfoil  Suction 
Surface  Separation 


Endwall  Flow 


Downstream  Flow 


52 


Score 


Height  of  suction  surface  corner 
separation  above  the  endwall  in 
inches 

>3/4  0 

9/16  — 3/4  1 

3/8  — 9/16  2 

0 — 3/8  3 

More  than  -channel  blocked  and  0 

flow  reversed 

'/2-channel  blocked  and  flow  re-  1 

versed 

Little  crossflow,  moderate  separa-  2 

tion,  moderate  reverse  flow 

Little  crossflow,  no  separation,  no  3 

reverse  flow 

Gross  separation  0 

Reverse  flow,  no  separation  1 

No  separation,  no  reverse  flow,  2 

over  (or  under)  turned 

No  separation,  no  reverse  flow  3 


TABLE  5 

COMPARATIVE  BOUNDARY  LAYER  PATTERN 
SCORES  FOR  FLOW  VISUALIZATION  MODELS 


Category 


Airfoil 

Endwall 

Downstream 

Configuration 

Flow 

Flow 

Flow 

Total 

3 

1 

1.5 

2 

4.5 

4 

1 

0 

1 

2 

9 

0 

1 

1 

2 

14 

1.5 

2 

1 

4.5 

15 

1 

2 

1 

4 

16 

1 

2.5 

2 

5.5 

17 

2 

2 

0 

4 

18 

0 

1.5 

1 

3.5 

26 

2 

2 

2 

6 

27 

1 

2 

2 

5 

32 

0 

2 

2 

4 

33 

0 

2 

1 

3 

34 

2 

2 

2 

6 

35 

1 

1 

2 

4 

37 

1 

2 

2 

5 

42 

0 

0 

1 

1 

43 

0 

2 

2.5 

4.5 

44 

0 

2 

2 

4 

45 

0 

1.5 

2 

3.5 

46 

2 

3 

0.5 

5.5 

47 

1 

2 

2 

5 

48 

1 

2 

1 

4 

49 

2 

3 

2.5 

7.5 

50 

3 

3 

0 

6 

51 

1 

1.5 

1.5 

4 

52 

1 

1.5 

1 

3.5 

53 

2 

1.5 

1.5 

5 

54 

0 

2 

1.5 

3.5 

55 

0 

1 

0 

1 

56 

2 

2.5 

0 

4.5 

57 

0 

2.5 

2 

4.5 

58 

0 

2.5 

2.5 

5.0 

59 

2 

2 

2.5 

6.5 

60 

2 

2 

2.5 

6.5 

61 

2 

1.5 

2 ‘ 

- 5.5 

62 

1.5 

2.5 

'3 

7.0 

63 

2 

3 

3 

8.0 

The  flow  visualization  cascade  study  was  conducted  in  two  parts.  The  initial  effort  consisted 
of  configurations  1 through  42  and  made  use  of  available  airfoils  (except  for  a set  of  locally 
uncambered  wooden  airfoils  for  configurations  33  and  34).  Geometric  variations  consisted  of: 
endwall  modifications;  solidity  changes;  and  minor  airfoil  variations,  which  could  be  obtained  by 
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adding  modeling  clay  or  leaning  the  vanes.  Evaluation  of  boundary  layer  flow  patterns  from  this 
preliminary  study  led  to  the  following  conclusions: 


1)  Half  the  design  solidity  is  more  than  adequate  to  turn  the  endwall  boundary 
layer  (configuration  23). 

2)  An  endwall  protrusion  along  the  pressure  surface,  in  combination  with 
reduced  solidity,  resulted  in  less  endwall  overturning  (configuration  24). 

3)  Axial  endwall  convergence  to  the  trailing  edge,  in  combination  with  reduced 
solidity  and  downstream  divergence,  is  beneficial  for  airfoil-endwall  corner 
separation  on  the  suction  surface  (configuration  26). 

4)  Leaning  airfoils  to  form  an  acute  angle  between  the  pressure  surface  and  the 
endwall  increases  channel  crossflow,  but  downstream  endwall  flow  is 
generally  uniform  and  axial  with  no  separation  (configuration  27). 

5)  Uncovered  turning  (forward  loaded  airfoils)  increased  endwall  crossflow, 
inducing  severe  endwall  and  airfoil  separation  (configurations  35  through 
42). 


The  second  sequence  of  flow  visualization  tests  was  conducted  to  more  fully  characterize 
promising  schemes  prior  to  performance  testing  in  our  plane  cascade  facility  at  design  Mach 
number.  Particular  attention  was  given  to  airfoil  geometry  variations,  which  included: 


1)  Bowed  airfoils  to  provide  spanwise  leaning  near  the  endwall 

2)  Solidity  reduction  near  the  endw'all  (locally  shorter  chord) 

3)  Local  uncambering  near  the  endwall 

4)  Combinations,  such  as  local  uncambering,  with  reduced  endwall  chord. 


Five  airfoil  modifications  were  selected,  consisting  of:  spanwise  bowing  near  the  endwall:  two 
variations  of  leading  edge,  cutback  near  the  endwall;  and  two  variations  of  trailing  edge,  cutback 
near  the  endwall.  Figure  22  shows  each  of  these.  The  airfoils  were  tested  in  combination  with 
several  endwall  modifications,  which  included:  straight  diverging,  variations  of  protrusions  near 
the  pressure  surface,  and  converging-diverging  configurations.  Except  for  the  bowed  airfoil, 
configuration  changes  were  made  bv  replacing  the  three  center  vanes  while  retaining  unmodified 
outer  vanes.  All  five  airfoils  were  changed  for  the  bowed  airfoil  tests. 


Sixteen  test  configurations  (43  through  58)  were  conducted  with  endwall  variations  of  the 
modified  airfoils.  Significant  results  from  these  tests  are  presented  in  Table  6 for  a comparison  of 
airfoil  effects  and  in  Table  7 for  endwall  effects.  The  first  grouping  in  Table  6 compares  major 
airfoil  variations  of  leaning,  1 4 -chord  cutback  leading  edge,  and  1 4 -chord  cutback  trailing  edge. 
In  this  comparison,  the  cutback  leading  edge  configuration  received  the  highest  total  score. 
Comparision  of  the  and  1 2-chord  cutback  leading  edges  in  the  second  grouping  showed  that 
the  larger  cutback  was  not  beneficial.  Part  of  the  problem  observed  with  the  1 .’-chord  cutback 
resulted  from  the  fact  that  little  boundary  layer  flow  turning  occurred  ahead  of  the  endwall-airfoil 
and,  as  a result,  created  a high  positive  incidence.  The  high  incidence  caused  flow  separation  near 
the  leading  edge  of  the  cutback  airfoil  section  as  it  entered  the  endwall  channel.  It  was  concluded 
that  another  configuration  should  be  tested  with  a refined  cutback  leading  edge  design.  Figure  23 
presents  the  refined  model  configuration.  It  can  be  seen  that  the  leading  edge  has  been  cut  back 
to  about  40‘7  chord  and  aligned  with  the  approach  boundary  layer  flow.  Also  the  trailing  edge  was 
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uncambered  near  the  root.  The  third  grouping  in  Table  6 presents  results  for  this  configuration 
(designated  “thick”  airfoil).  It  will  be  noted  that  a significant  improvement  was  observed  in  both 
the  airfoil  and  the  downstream  flows.  A last  airfoil  variation  was  obtained  by  reducing  airfoil 
thickness  along  the  suction  surface  to  locally  lower  camber  along  the  entire  chord  near  the 
endwall.  This  configuration  (designated  the  “thin”  airfoil)  showed  improved  endwall  and 
downstream  flows. 


TABLE  6 

COMPARISON  OF  FLOW  VISUALIZATION  AIRFOIL  VARIATIONS 


Categories 


Configuration 


Airfoil  Endwall  Downstream 
Flow  Flow  Flow  Total 


Group  1 — Comparison 
of  major  airfoil 
variations 


Leaned  Airfoil  (43) 
Cutback  LE  (47) 
Cutback  TE  (54) 


0 

1 

0 


2.5 
2 

1.5 


4.5 
5 

3.5 


Group  2 — Comparison 
of  cutback  leading 
edge  variations 


Cutback  Vi 
Chord  (47) 
Cutback  Viz 
Chord  (51) 


1.5 


1.5 


Group  3 — Comparison 
of  refined  leading 
edge  variations 


Thick  (59) 
Thin  (62) 


2.5 

3 


6.5 

8 


TABLE  7 

COMPARISON  OF  FLOW  VISUALIZATION  AIRFOIL  VARIATIONS 
(Based  on  '/« -chord  cutback  leading  edge  airfoil) 


Categories 


Configuration 


Airfoil  Endwall  Downstream 
Flow  Flow  Flow 


Total 


Straight  divergent  (47) 
Pressure  side  protrusion  (48) 
Filleted  pressure  side 
protrusion  (49) 
Converging-diverging  (50) 


2.5 

0 


7.5 

6 


5G 


J 


Figure  23.  Cutback  Leading  Edge  Configuration  with  Modified  Endwall  Section 
Leading  Edge  and  Uncambered  Trailing  Edge 


As  a result  of  the  comparisons  in  Table  6,  several  airfoil  design  features  to  reduce  endwall 
loss  have  been  identified.  These  include: 

• Cutback  leading  edge  between  25%  and  40%  chord 

• Modify  cutback  leading  edge  to  offset  incidence  effect 

• Uncamber  trailing  edge  at  the  endwall 

• Minimize  suction  surface  camber  at  the  endwall. 

During  flow  visualization  tests  with  each  airfoil  configuration,  several  modifications  were 
made  to  the  clay  endwalls.  Table  7 presents  a comparison  of  the  endwall  variations  made  with  the 
'/« -chord  cutback  leading  edge  model.  These  variations  included:  a straight  diverging  endwall.  a 
diverging  endwall  with  a pressure-side  protrusion;  a filleted  pressure-side  protrusion  extending 
one-half  chord  downstream  of  the  trailing  edge;  and  converging-diverging  endwall.  The  filleted 
pressure  side  protrusion  provided  the  best  overall  results.  The  coverging-diverging  configuration 
resulted  in  excellent  airfoil  and  endwall  flows  by  unloading  the  cascade.  However,  the  section 
downstream  of  the  trailing  edges  was  completely  separated  due  to  the  rapidly  diverging  endwall. 
As  a result  of  comparisons  such  as  those  shown  in  Table  7,  several  endwall  design  features  have 
been  identified.  These  include: 

• Minimize  divergence  within  the  cascade  channel 

• Provide  filleted  pressure  side  protrusion 

• Extend  any  necessary  endwall  divergence  downstream  of  the  cascade  as 
gradually  as  possible. 
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The  flow  visualization  study  provided  an  indication  of  how  airfoil  and  endwall  modifications 
affected  boundary  layer  flow  patterns.  However,  no  data  were  obtained  to  determine  performance 
benefits  attributable  to  these  modifications.  Therefore,  the  selected  airfoil  endwall  geometries 
were  tested  in  the  plane  cascade  facility  to  evaluate  techniques  to  reduce  endwall  loss. 

C.  PLANE  CASCADE  TEST  SETUP  AND  DATA  REDUCTION 

Performance  tests  of  the  exit  guide  vane  airfoils  were  made  with  a plane  cascade  test  rig. 
The  test  rig,  assembly  of  airfoil  test  packs  and  instrumentation  are  discussed  in  this  section.  (The 
airfoil  test  results  and  data  analysis  are  discussed  in  Section  I.D.) 

1.  Test  Rig  and  Facility  Description 

The  airfoil  performance  tests  were  conducted  in  the  plane  cascade  rig  shown  in  Figures  24 
and  25.  Air  is  provided  by  compressor  bleed  from  a .J75  slave  engine  (Figure  26).  The  maximum 
airflow  capacity  is  28  tb/sec.  Inlet  awirflow  is  controlled  by  a 10-in.  control  valve  and  measured 
with  a sharp  edged  ASME  standard  orifice.  Air  temperature  can  be  regulated  from  160°  to  700°F 
with  a water-cooled  heat  exchanger  located  upstream  of  the  test  rig. 


Figure  24.  High  Mach  Number  Plane  Cascade  Test  Rig 
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Figure  25.  Plane  Cascade  Test  Rig  Schematic 
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Air  flows  to  the  test  section  through  a 36-in.  diameter  plenum  chamber,  which  is  equipped 
with  static  pressure  ports  and  temperature  probes  for  determining  rig  inlet  conditions.  The  rig  has 
a rectangular  transition  duct  or  channel  designed  to  provide  two-dimensional  flow  conditions  at 
the  inlet  to  the  test  airfoil  pack.  Air  inlet  angle  to  the  airfoil  pack  can  be  varied  from  -10  to  +65 
degrees.  The  channel  width  in  the  airfoil  gapwise  direction  can  be  varied  up  to  a maximum  of  18 
in.;  the  channel  height  in  the  airfoil  spanwise  direction  is  three  inches.  Wooden  inserts  were 
bolted  to  the  rig  sidewalls  to  reduce  the  approach  channel  height  to  the  1.9  in.  airfoil  height,  as 
shown  in  Figure  27.  Cascade  sidewalls  were  extended  over  five  chord  lengths  downstream  to 
isolate  the  cascade  exit  plane  from  ambient  conditions.  The  downstream  extension  included 
moveable  top  and  bottom  tailboards,  which  were  adjusted  to  control  static  pressure  uniformity 
across  the  cascade  exit. 

During  initial  tests,  inlet  boundary  layer  bleed  was  provided  by  means  of  scoops  located 
about  two  chord  lengths  upstream  of  the  airfoil  leading  edges.  The  scoops  were  connected  to  an 
ejector  system  driven  by  the  slave  engine  exhaust.  The  inlet  boundary  layer  bleed  scoop  system 
was  removed  during  later  tests  with  the  40-deg  model  in  which  techniques  to  reduce  endwall  loss 
were  evaluated.  In  these  tests,  modified  inserts  were  bolted  to  the  rig  sidewalls,  which  covered  the 
bleed  duct  and  provided  a smooth  approach  channel. 


2.  Assembly  of  Airfoil  Packs 

The  cascade  airfoil  packs  consisted  of  multiple  constant  section  aluminum  airfoils.  In  initial 
tests,  packs  of  seven  airfoils,  having  six  flow  channels  were  used.  Thirteen  airfoils  were  used  in 
later  tests  with  the  40-deg  airfoil.  The  methods  of  assembling  the  cascade  test  packs  are  shown 
in  Figures  28  and  29.  The  airfoils  were  inserted  through  metal  endwall  plates,  which  had  the 
matching  airfoil  contours  precisely  machined  at  the  desired  spacings  and  stagger  angles.  Silicon 
rubber  was  cast  onto  the  plates  to  provide  an  easily  machinable  surface  for  variation  of  endwall 
divergence.  The  metal  endwalls  firmly  held  the  airfoils  in  the  proper  position  while  the  cast 
rubber  provided  a tight-fitting,  leak-proof  outer  airpath  surface. 

3.  Instrumentation 

In  the  plane  cascade  tests,  instrumentation  was  provided  to  measure  airfoil  pack  pressure 
rises,  total  pressure  losses,  and  important  inlet  and  exit  flow  conditions.  Also,  static  pressures 
were  measured  on  the  airfoil  surface  and  on  the  channel  endwalls.  Details  of  the  instrumentation 
arrangement  are  described  below. 

a.  Airfoil  Pressure  Rite 

Airfoil  inlet  and  exit  static  pressures  were  measured  at  the  wall,  one  chord  length  upstream 
and  one  chord  length  downstream  of  the  airfoil  packs,  as  illustrated  in  Figure  27.  Nine  taps  were 
provided  at  the  inlet  and  10  at  the  exit.  Static  pressure  rise  was  computed  by  averaging  the 
readings  nearest  the  center  (test)  airfoil  of  the  packs. 

b.  Airfoil  Total  Pretaure  Loss 

Inlet  total  pressures  were  measured  by  impact  tubes  located  at  midspan  on  the  leading  edge 
of  two  airfoils.  Spanwise  inlet  total  pressure  maps  were  measured  with  traverses  at  three  positions 
across  the  flow  channel,  one  chord  length  upstream  of  the  airfoils.  Two  inlet  boundary  layer  rakes 
(each  with  five  impact  tubes)  were  provided  on  the  cascade  packs.  These  rakes  were  near  the 
plane  of  the  airfoil  leading  edge  and  located  in  the  airfoil  flow  channel,  as  shown  in  Figure  27. 
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Figure  27.  Plane  Cascade  Rig  Test  Section  Schematic 


FlgUre  28  Plane  Cascade  Test  Pack  Assembly  — 7 Airfoil  Cascade 


Figure  29.  Plane  Cascade  Test  Pack  Assembly  — 13  Airfoil  Cascade 


Exit  total  pressure  was  measured  with  a traverse  probe  located  0.2  in.  downstream  of  the 
cascade.  Approximately  45  equally  spaced  gapwise  readings  were  made  at  10  spanwise  locations 
(from  1%  to  50%)  in  the  test  airfoil  flow  channel.  These  readings  were  arithmetically  averaged  to 
obtain  a spanwise  average  total  pressure  profile. 

Airfoil  total  pressure  loss  was  computed  as  (1)  the  difference  between  the  airfoil  inlet 
midspan  readings  and  the  average  exit  total  pressure,  and  (2)  the  difference  between  the  average 
inlet  total  pressure  and  the  average  exit  total  pressure.  The  latter  approach  accounts  for  the  total 
pressure  profile  of  the  boundary  layer. 

c.  Inlet  end  Exit  Flow  Anglot 

Inlet  and  exit  flow  angles  were  measured  in  combination  with  total  pressure  traverses  at  the 
inlet  and  exit  of  the  cascade  pack,  using  a minicobra  probe  at  the  inlet  and  9-deg  cone  probe  at 
the  exit. 

d.  Airfoil  Static  Proaaure  Profile* 

The  two  airfoils  adjacent  to  the  center  test  airfoil  were  instrumented  with  midspan  surface 
static  pressure  taps.  Airfoil  No.  3 in  Figure  27  had  10  taps  on  the  suction  surface,  while  airfoil  No. 
5 had  8 taps  on  the  pressure  surface. 

e.  Endwall  Static  Pressure  Measurements 

Endwall  static  pressures  within  the  airfoil  channels  were  measured  by  static  pressure  taps. 
Figure  30  shows  the  position  of  the  endwall  pressure  taps. 

f.  Flow  Vlauellzatlon  Data 

Oil  and  lampblack  flow  visualization  patterns  were  formed  for  each  airfoil  at  its  design 
Mach  number. 

g.  Data  Recording  and  Proaaure  Tranaducar  Accuracy 

All  data  were  recorded  on  an  automatic  data  recording  system,  except  the  airfoil  surface 
pressures,  which  were  measured  with  manometers.  Exit  probe  traverse  and  recording  rates  were 
selected  to  assure  sufficient  response  time  for  servo-balance  systems  to  accurately  measure 
parameters,  such  as  air  angles  and  total  pressures.  All  transducers  measuring  transients  were 
close  coupled  to  the  sensor.  Transducers  used  to  measure  critical  parameters,  such  as  cascade 
total  pressure  loss  and  inlet  and  exit  static  pressure,  were  selected  to  have  accuracies  of  ±0.2% 
of  full-scale  range.  The  smallest  transducer  ranges  compatible  with  expected  pressure  levels  were 
selected. 


6 = 50  deg  Model 


FD  1196*1 

Figure  30.  Endwall  Static  Pressure  Tap  Locations 
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0.  AIRFOIL  PERFORMANCE  TEST  RESULTS 


A total  of  22  performance  tests  were  made  with  the  30- , 40-,  and  50-deg  exit  guide  vanes  in 
the  plane  cascade  rig.  A summary  of  the  tests  is  presented  in  Table  8.  In  the  first  13  tests,  the 
airfoils  were  tested  over  a range  of  inlet  Mach  numbers  and  with  straight  and  diverging  endwalls 
that  produced  axial  area  expansion  ratios  through  the  airfoil  packs  of  from  1.0  to  1.2.  In  tests  14 
through  22,  promising  airfoil  and  endwall  modifications,  identified  in  flow  visualization  tests, 
were  tested  in  40-deg  airfoil  packs  having  straight  endwalls.  Results  obtained  in  the  plane  cascade 
tests  are  presented  in  this  section. 

TABLE  8 

TEST  PROGRAM  SUMMARY 


First  Test  Sequence 


Test  No. 

Airfoil 

HJH , M, 

Desired 

1 

30-deg 

1.0 

0.25 

2 

0.50 

3 

1.1 

0.25 

4 

0.50 

5 

1.2 

0.25 

6 

0.50 

7 

40-deg 

1.0 

0.25 

8 

0.675 

9 

1.1 

0.25 

10 

0.675 

11 

50-deg 

1.0 

0.25 

12 

0.50 

13 

0.85 

Second  Test  Sequence 

14 

40  (Base) 

1.0 

0.25 

15 

0.50 

16 

0.675 

17 

40  (Mod  1) 

1.0 

0.25 

18 

0.50 

19 

0.675 

20 

40  (Mod  2) 

1.0 

0.25 

21 

0.50 

22 

0.675 

1.  Checkout  Testa 

Checkout  tests  were  conducted  with  each  of  the  three  airfoils.  The  purpose  of  these  tests  was 
to  (1)  evaluate  the  effect  of  boundary  layer  bleed  on  cascade  inlet  conditions  and  (2)  measure 
inlet  air  angle  and  total  pressure  distributions.  Results  are  shown  in  Figures  31  through  35. 

Figures  31  and  32  illustrate  the  uniformity  of  midspan  inlet  flow  conditions  for  the  30-deg 
airfoil  pack.  Figure  31  shows  that  (1)  static  pressure  did  not  vary  more  than  lr;,  (?)  total  pressure 
was  within  1%  of  the  plenum  pressure,  and  (3)  negative  incidence  ( <3.0  deg)  was  induced  by  the 
rig.  Figure  32  presents  inlet  total  pressure  and  flow  angle  measurements  for  the  30-deg  airfoil  at 
different  spanwise  locations.  The  data  also  show  total  pressure  uniformity  and  negative 
incidence. 
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Inlet  pressures  for  the  40-  and  50-deg  airfoil  packs  were  also  uniform.  However,  the  smaller 
gaps  of  these  packs  (the  40-  and  50-deg  airfoils  had  gap-to-chord  ratios  about  one-half  of  the  30- 
deg  airfoils)  reduced  the  rig  channel  width  for  the  seven  airfoil  packs  to  about  3.5  in.  The  close 
proximity  of  endwall  plates  for  these  higher  turning  airfoils  caused  inlet  air  angle  deviations  by 
as  much  as  8.9  deg  from  the  design  values.  In  a second  series  of  tests  with  the  40-deg  airfoil,  the 
distance  between  the  endwall  plates  was  doubled  by  increasing  the  number  of  airfoils  in  the  pack. 
This  increased  approach  channel  width  effectively  eliminated  inlet  flow  deviations  so  that  the 
approach  air  angle  was  generally  within  ±0.5  deg  of  the  desired  value. 

Figure  33  shows  the  effect  of  boundary  layer  bleed  on  inlet  static  pressure  distribution  across 
the  width  of  the  channel  for  the  30-deg  airfoil.  For  both  Mach  numbers  (0.248  and  0.517),  bleed 
had  no  effect  on  mid-channel  pressure.  However,  at  the  higher  Mach  number,  boundary  layer 
bleed  improved  the  static  pressure  distribution.  Figure  34  shows  the  inlet  boundary  layer  profiles 
with  maximum  boundary  layer  bleed  flowrates  for  the  30-deg  cascade  at  the  two  test  Mach 
numbers. 

During  tests  with  the  50-deg  airfoil  and  initial  tests  with  the  40-deg  airfoils,  the  close 
spacing  of  the  airfoils  reduced  rig  flowrate  by  about  50‘<  (relative  to  that  for  the  30-deg  airfoil)  for 
all  test  Mach  numbers.  Since  the  maximum  boundary  layer  bleed  flowrate  was  essentially 
constant  for  each  Mach  number,  it  was  possible  to  bleed  a higher  percentage  of  total  flow  for  these 
airfoils.  Figure  35  presents  the  inlet  boundary  layer  profiles  for  the  40-deg  cascade  with  and 
without  bleed  and  for  several  inlet  Mach  numbers.  Table  9 summarizes  inlet  boundary  layer 
conditions  obtained  during  the  plane  cascade  performance  tests. 


TABLE  9 

PHASE  I PLANE  CASCADE  — INLET  BOUNDARY 
LAYER  DATA  SUMMARY 


Airfoil 

(deg) 

a/2 

Percent  Bleed 
(Wbl/WMX100) 

(in.)  6*  (in. 

30 

0.25 

12.0 

0.318  0.025 

0.52 

8.0 

0.400 

0.043 

40 

0.24 

25.8 

0.110 

0.023 

0.63 

25.9 

0.100 

0.017 

50 

0.30 

25.7 

0.135 

0.025 

0.52 

25.5 

0.115 

0.025 

0.84 

25.5 

0.103 

0.016 

40 

0.25 

0.0 

0.275 

0.031 

(Second  Test) 

0.50 

0.0 

0.366 

0.056 

0.68 

0.0 

0.361 

0.060 
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Figure  34.  Inlet  Boundary  Layer  Velocity  Distributions  for  30-deg  Cascade 
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2.  30-Degree  Airfoil  Performance  Teat  Results 


The  30-deg  cascade  was  tested  at  inlet  Mach  numbers  of  approximately  0.25  and  0.50 
(design)  and  with  endwalls  having  axial  area  ratios  (H,/Ha)  of  1.0,  1.1,  and  1.2.  Data  obtained 
with  the  30-deg  airfoil  packs  are  summarized  in  Figure  36,  where  static  pressure  rise  coefficient, 
spanwise  averaged  total  pressure  loss,  and  exit  air  angle  are  presented  as  a function  of  inlet  Mach 
number.  Total  pressure  loss  and  exit  air  angle  deviation  became  greater  with  increasing  Mach 
numbers  and  axial  area  ratios.  Static  pressure  rise  also  increased  with  larger  axial  area  ratios,  but 
was  not  a strong  function  of  Mach  number. 

In  all  tests  with  the  30-deg  airfoil,  incidence  was  -4.6  deg,  which  was  2.6  deg  greater  than 
the  design  value  of  —2.0  deg.  The  airfoil  surface  static  pressure  profiles.  Figure  37,  shows  that 
pressures  on  the  suction  surface  are  higher  than  those  on  the  pressure  surface. 

Figure  38  was  prepared  to  compare  the  30-deg  EGV  airfoil  data  with  that  for  existing 
compressor  airfoils.  It  presents  the  effect  of  incidence  on  pressure  rise  coefficient,  exit  air  angle 
and  loss  for  a circular  arc  compressor  cascade  similar  to  the  30-deg  EGV  design.  These  data  are 
for  a cascade  with  an  airfoil  AR  = 2.0,  r/b  = 0.833,  and  t/b  = 0.09  compared  to  AR  = 1.0,  r/b  = 
0.770,  and  t/b  = 0.075  for  the  30-deg  EGV.  All  other  geometric  parameters  are  the  same.  It  is 
significant  to  note  that  the  non-series  30-deg  EGV  airfoil  achieved  higher  pressure  rise, 
comparable  turning,  and  a lower  loss  than  the  circular  arc  airfoil. 

The  total  pressure  loss  presented  in  Figure  38  is  the  midspan  value  measured  for  the  30-deg 
EGV  airfoil  i«  <o  be  consistent  with  the  circular  arc  data.  As  shown  in  Figure  39,  the 
midspan  loss  represents  an  equivalent  profile  loss  for  the  30-deg  airfoil. 

As  the  axial  area  ratio  (i.e.,  the  endwall  divergence)  increases,  the  tendency  towards  flow 
separation  is  increased.  With  the  30-deg  airfoil,  the  endwalls  having  axial  area  ratios  of  1.0  and 
1.1  did  not  cause  separation.  However,  with  an  area  ratio  of  1.2,  separation  did  occur,  as 
illustrated  in  Figure  40,  where  boundary  layer  streamlines  from  oil  and  lampblack  traces  have 
been  superimposed  on  the  endwall  static  pressure  distributions.  Comparable  streamlines  for  the 
unseparated  test  made  with  straight  endwalls  are  shown  in  Figure  41. 

3.  50-Degree  Airfoil  Performance  Test  Results 

The  50-deg  airfoils  were  tested  in  a pack  having  straight  endwalls  (i.e.,  Hj/H,  = 1.0)  and  at 
inlet  Mach  numbers  of  approximately  0.25,  0.50,  and  0.85  (design).  As  with  the  30-deg  airfoil,  the 
50-deg  airfoil  experienced  negative  incidence  in  the  test.  The  negative  incidence  increased  with 
Mach  numbers  to  -6.6  deg  at  at  a Mach  number  of  0.84  (design  incidence  was  +2.3  deg). 

Figure  42  summarizes  average  spanwise  performance  data  obtained  with  the  50-deg  airfoil 
pack.  This  figure  illustrates  that  static  pressure  rise  decreased  and  total  pressure  loss  increased 
sharply  with  increasing  Mach  number.  These  trends  are  indicative  of  operation  at  choke 
(negative)  incidence  with  a high  loaded  airfoil. 

Spanwise  distributions  of  total  pressure  loss  and  exit  air  angle  are  presented  in  Figure  43  for 
three  test  Mach  numbers.  It  can  be  seen  that  there  is  a large  deg  of  overturning  near  the  endwall 
due  to  the  strong  cross-channel  pressure  gradient  of  this  highly  cambered  airfoil.  Whereas  Mach 
number  appeared  to  have  little  effect  on  air  angle  distributions,  total  pressure  loss  was  a very 
strong  function  of  Mach  number.  In  fact,  at  a Mach  number  of  0.84,. midspan  losses  were  as  high 
as  those  at  the  endwall.  These  high  losses  were  due  to  the  complete  choking  of  the  cascade,  as 
illustrated  by  the  airfoil  pressure  distribution  in  Figure  44.  The  entire  suction  surface  and  part  of 
the  pressure  surface  are  supersonic  (Pj/Pt  < 0.528).  Figure  44  also  shows  the  effect  of  negative 
incidence  with  the  suction  surface  minimum  pressure  point  shifted  back  and  lower  pressures  on 
the  pressure  surface  than  on  the  suction  surface  near  the  leading  edge. 


73 


Hj/M2-I,2 


MIDSPAN  INLET  MACH  NUMBER- M, 


Figure  36.  30-deg  EGV Average  Performance  Data  Referenced  to  Midspan  Inlet 
Total  Pressure 
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Figure  37.  30-deg  EGV Airfoil  Pressure  Distribution  (3,  = 62.5  deg) 
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Figure  39.  30-deg  EGV  Spanuise  Exit  Air  Angle  and  Loss  Distribution 
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The  high  camber  and  inlet  Mach  number  made  the  50-degree  airfoil  very  sensitive  to  choke 
incidence.  Figure  46  illustrates  this  sensitivity  for  a circular  arc  compressor  cascade  design 
similar  to  the  50-degree  EGV.  It  can  be  seen  that  an  incidence  of  6.6  degree  is  well  beyond  tin- 
choking  point  for  the  circular  arc  airfoil  and  hence,  this  level  of  negative  incidence  would  result 
in  high  losses  and  low  pressure  rise  coefficients  as  were  obtained  with  the  50-degree  EGV. 
Therefore,  the  data  from  tests  of  the  50-degree  airfoil  with  6.6  degree  incidence  are  not 
representative  of  the  airfoil’s  true  potential. 


G*  - 55.0°  T/h  - 0.536 


INCIDENCE, 

Figure  46.  Effect  of  Incidence  on  Circular  Arc  Compressor  Cascade  Performance 
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4.  40-Degree  Airfoil  Performance  Test  Results 

The  40-deg  airfoil  tests  were  conducted  in  two  separate  series,  which  occurred  before  and 
after  the  flow  visualization  tests  (reported  in  Section  H).  In  the  first  series  of  tests,  the  40-deg 
airfoils  were  tested  at  inlet  Mach  numbers  of  approximately  0.2f>  and  0.(575  (design)  and  with 
axial  area  expansion  ratios  of  1.0  and  1.1  In  the  first  test  series,  data  were  obtained  with  positive 
and  negative  incidence.  Figures  47  and  48  show  the  effect  of  positive  and  negative  incidence  on 
airfoil  pressure  distributions.  In  Figure  47,  it  can  he  seen  that  the  pressure  distributions,  obtained 
w'ith  a 3.7  deg  negative  incidence  angle  (design  incidence  was  +2  deg),  are  similar  to  those 
measured  for  the  30-  and  50-deg  airfoils,  i.e.,  near  the  leading  edge  the  static  pressures  are  lower 
on  the  pressure  side  of  the  airfoil  than  those  on  the  suction  side.  Figure  48  shows  that  a positive 
incidence  of  7 deg  causes  very  low  static  pressures  on  the  suction  side  of  the  airfoil  near  the 
leading  edge. 


Figure  47.  40-deg  FA1V Airfoil  Pressure  Distribution  (HJHt  = 1. 1.  d,  = 55.7  deg, 
M2  = 0.671) 
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Figure  48.  40-deg  EGV  Airfoil  Pressure  Distribution  (HJH, 
M,  = 0.634) 
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Average  spanwise  performance  data  for  the  initial  40-deg  airfoil  tests  are  summarized  in 
Figure  49.  The  high  loss  and  low  pressure  rise  obtained  at  a Mach  number  of  0.671  and  an  axial 
area  expansion  ratio  of  1.1  were  attributed  to  negative  incidence.  At  a comparable  Mach  number 
(0.634)  and  no  axial  area  expansion  ratio,  but  with  positive  incidence,  the  static  pressure  rise  was 
higher,  and  the  total  pressure  loss  was  less. 


Figure  49.  40-deg  EGV Average  Performance  Data  Referenced  to  Midspan  Inlet 
Total  Pressure  ( 7-Airfoil  Cascade) 
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In  the  second  series  of  tests  with  the  40-deg  airfoil,  the  number  of  airfoils  in  the  pack  was 
increased  from  7 to  13  to  increase  the  width  of  the  inlet  flow  channel  and  thereby  obtain  the 
design  incidence  flow  angle  ( + 2 deg).  In  this  second  series  of  tests,  three  configurations  of  a 40- 
deg  straight  endwall  (H,/Ha  = 1.0)  cascade  pack  were  evaluated.  The  first  configuration  was 
simply  a retest  of  unmodified  airfoils  in  the  13-airfoil  pack. 

The  second  model,  referred  to  as  Modification  (Mod)  1,  contained  only  airfoil  geometry 
alterations,  as  shown  in  Figure  50.  These  included  cutback  of  the  leading  edge  at  the  endwall, 
uncambering  the  trailing  edge  at  the  endwall,  and  reduction  of  suction  surface  camber  at  the 
endwall. 


The  third  model,  referred  to  as  Mod  2,  combined  the  Mod  1 airfoil  alterations  with  the 
endwall  changes  shown  in  Figure  51.  These  endwall  changes  were  designed  to  minimize  the  rate 
of  change  of  flow  area  through  the  airfoil  pack.  Figure  52  shows  the  channel  flow  area  distribution 
with  and  without  endwall  protrusions.  The  channel  flow  area  distribution  was  modified  by  the 
addition  of  a fillet  on  the  pressure  side  on  the  airfoil  at  an  axial  position  of  about  65'  < chord.  Flow 
visualization  tests  indicated  that  it  was  desirable  to  continue  the  endwall  protrusions 
downstream  of  the  cascade;  therefore,  the  fillet  was  extended  one-half  chord  length  beyond  the 
airfoil  trailing  edge.  Channel  flow  conditions  near  an  airfoil  pressure  surface  corner  are  generally 
unseparated  and  have  a relatively  thin  boundary  layer.  Therefore,  addition  of  the  endwall 
protrusion  in  this  “healthy”  flow  location  (as  opposed  to  the  suction  surface  corner,  where  the 
boundary  layer  is  thick  and  nearing  separation)  should  modify  the  effective  flow  area 
distribution,  as  shown  in  Figure  52.  The  desirability  of  pressure  surface  protrusions  over  suction 
surface  protrusions  was  also  indicated  in  the  flow  visualization  study. 
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Figure  51.  Description  of  Mod  2 Configuration 
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Figure  52.  Mod  2 Flow  Area  Distribution 


Figure  53  shows  the  static  pressure  distribution  obtained  with  the  baseline  40-deg  airfoil  in 
the  second  series  of  tests.  Comparing  this  pressure  distribution  to  those  obtained  in  the  first  series 
of  40-deg  airfoil  tests  with  positive  and  negative  incidence  (and  given  in  Figures  47  and  48) 
confirms  that  the  airfoil  was  operating  with  near-design  incidence. 


Figure  54  summarizes  the  average  spanwise  performance  data  obtained  in  the  second  series 
of  tests  with  the  40-deg  airfoil.  It  shows  that  static  pressure  rise  was  improved  with  modifications 
to  both  the  airfoil  and  endwall.  The  largest  improvement  was  obtained  with  alterations  to  both 
the  airfoil  and  endwall,  i.e.,  with  the  Mod  2 configuration. 
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Figure  54.  40-deg  EGV  Average  Performance  Data  Referenced  to  Midspan  Inlet 
Total  Pressure  (13-Airfoil  Cascade) 
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Spanwise  distributions  of  total  pressure  loss  and  exit  air  angle  presented  in  Figures  55 
through  57  for  inlet  Mach  numbers  of  0.25,  0.50  and  0.675,  respectively.  It  will  be  noted  that  data 
are  presented  for  two  exit  measuring  stations  for  the  Mod  2 configuration.  The  first  position  was 
at  the  exit  of  the  divergent  section,  and  the  second  position  was  0.2  in.  behind  the  airfoil  trailing 
edges.  The  traverse  probe  could  get  no  closer  than  9‘<  span  at  the  upstream  position  because  of 
interference  with  the  endwall  protrusions. 
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Figure  55.  40-deg  EGV  Spanwise  Exit  Air  Angle  and  Loss  Distribution  (M,  = 
0.250) 
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Comparison  of  the  total  pressure  loss  distributions  for  the  Mod  1 and  baseline 
configurations  shows  that  the  airfoil  modifications  reduced  the  amount  of  span  experiencing 
secondary  loss,  particularly  at  the  higher  Mach  numbers.  (See  Figures  56  and  57.)  Secondary  loss 
extended  all  the  way  to  midspan  for  the  baseline  configuration.  However,  with  Mod  1 , losses  were 
nearly  constant  in  the  30^  to  50cc  span  region.  Similar  loss  measurements  were  obtained  for  the 
Mod  2 trailing  edge  traverse  position. 


ice 


ICO 


'LC 


□ 


3*C 

0 

10 

0 

X 

I 

j 

i 

LU  & 

i 

3 

Jsl  / 

a * 

,0/ 

< 

/ f 

f — - 

X 

/•C 

UJ 

<>  / 

ee 

o' 

c4  1 

♦c 

/.e 


£ \ 

\ 

V\ 


V ; 


PEI- CL' SPAN 

Figure  56.  40-deg  EGV Spanwise  Exit  Angle  and  Loss  Distribution  (M,  = 0.500) 
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Mod  1 overcompensated  to  airflow  overturning  near  the  endwall;  however,  midspan 
deviation  was  1.25  deg  less  than  the  baseline  at  design  conditions.  Comparison  of  spanwise 
surveys  of  air  angles  taken  near  the  Mod  2 cascade  trailing  edge  at  the  exit  of  Mod  1 clearly  shows 
that  the  air  angle  did  not  change  appreciably  from  300  to  50c'r  span  due  to  addition  of  endwall 
protrusions.  However,  between  9 ci  and  20r;  span,  two  observations  can  be  made:  ( 1 1 the  endwall 
protrusions  reduced  the  underturning  of  Mod  1 by  2 to  3 deg;  and  (2)  the  Mod  2 flow  became  more 
axial  as  it  moved  downstream. 


ICi 

KC 

st 

96 


*7 

( . 

UJ 

_» 

O 

< 


rj  ft 


x. 

VO  g, 


'•C 


a r 
or 


-f 


.14 


.12 


.10 


,o 

H .C* 


•7)  .06 


,l-*« 


.'JtL 


£ 

[T  E ./ 

-/ 

' E $'~ 
/♦  / 


. E-  „ 

v 

♦ '"♦s 


L 


♦ 


, \ 


i/ 

o 

/ 

ft 


\\ 


A 


c' 


^ - 


\\ 


G 


K 


> \ 

\ 


\ 


EASELiNE 


\ 

\ \ 


5 is-.. 


-MOD  I OUTBACK  L.E.;  -AMBEKEL1  * E 

-MX  2 CUTBACK  L.E.-XAVBEbEC  E. 

CONKOREU  EM.  ALL,  C'CV’Kf  'kEAr  i'TFLSEb 

■MOD  2 , T.  E . Tb/VEkSE  POSITION 


' \ 

\ *, 


o 


1C 


2C 


?C 


40 


5C 


PEKCENT  '."AM 

Figure  57.  40-deg  EGV  Spanwise  Exit  Air  Angle  and  Loss  Distribution  (Mt  = 
0.675) 
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The  Mod  2 total  pressure  loss  was,  as  expected,  somewhat  higher  than  corresponding  values 
tor  either  the  baseline  model  or  the  Mod  1 configurations,  apparently  due  to  additional  wall 
friction  and  growth  of  the  secondary  flow  vortex.  In  comparing  the  upstream  and  downstream 
data  for  Mod  2 in  Figure  57,  it  can  be  seen  that  losses  in  the  upstream  position  between  30' < and 
50r<  span  are  about  the  same  as  those  obtained  with  the  Mod  1 configuration.  However,  between 
9C(  and  20c;  span,  total  pressure  loss  was  higher  with  Mod  2.  This  additional  loss  is  attributed  to 
the  presence  of  the  endwall  protrusions,  as  they  represent  the  only  difference  between  Mod  1 and 
Mod  2 at  the  upstream  measuring  station. 

The  results  obtained  with  the  40-deg  airfoil  cascade  packs  were  compared  with  the  data 
presented  in  Reference  2 to  establish  the  level  of  success  achieved  in  the  Phase  I cascade  program. 
The  results  of  varying  endwall  boundary  layer  bleed  within  the  cascade  on  the  performance  of 
circular  arc  airfoils,  very  similar  to  the  40-deg  EGV  design  at  inlet  Mach  numbers  of  0.5.1,  0.64, 
and  0.74,  are  presented  in  Reference  2.  Figure  58  compares  a data  curve  extracted  from  Reference 
2 for  no  bleed  in  front  of  or  within  the  airfoil  pack  to  data  for  the  40-deg  EGV  H»/H,  = 1.0  models 
at  similar  conditions,  i.e.,  for  an  inlet  Mach  number  of  0.64.  In  the  EGV  airfoil  tests,  the  Series 
1 tests  were  run  with  inlet  boundary  layer  bleed,  but  there  was  no  endwall  suction  within  the 
channel  and  Series  2 had  no  boundary  layer  bleed  in  front  of  or  within  the  channel.  It  can  be  seen 
that  the  EGV  cascade  demonstrated  over  twice  the  static  pressure  rise  of  the  circular  arc  airfoil. 
The  slightly  higher  midspan  total  pressure  loss  for  the  EGV  airfoils  is  attributed  to  three  factors: 
(1)  closer  spacing  of  the  EGV  airfoils  (r/b  = 0.392  vs  0.614),  (2)  thicker  airfoils  for  the  EGV 
models  (t/b  + 0.075  vs  0.059),  and  (3)  lower  aspect  ratio  of  the  EGV  airfoil  (AR  = 1.0  vs  1.855). 
The  exit  air  angles  were  comparable.  The  availability  of  this  high  turning-high  Mach  number 
data  without  endwall  bleed  over  a range  of  incidence  levels  verifies  the  validity  of  the  40-deg  EGV 
data  and  provides  an  indication  that  the  non-series  airfoil  design  has  provided  a significant 
improvement  in  diffusion  capability.  Also  included  in  Figure  58  are  data  from  the  Series  2 Mod 
1 model.  The  performance  of  this  modified  airfoil  model  shows  significant  improvement  over  the 
baseline,  as  well  as  the  circular  arc  data. 

5.  Data  Analysis  Using  Spanwlse  Average  Total  Inlet  Pressures 

In  the  preceding  figures,  cascade  total  pressure  loss  was  referenced  to  midspan  inlet  total 
pressure.  The  use  of  midspan  inlet  total  pressure,  rather  than  a spanwise  average  value,  charges 
the  airfoil  packs  for  inlet  boundary  layer  loss,  as  well  as  the  profile  and  secondary  losses.  Use  of 
a spanwise  average  inlet  pressure  for  calculating  loss  and  static  pressure  rise  provides  more 
representative  performance  data  for  the  airfoil  packs.  The  data  from  the  second  series  of  tests 
were  corrected  using  the  average  spanwise  inlet  pressure.  The  performance  data  for  the  second 
series  of  tests,  computed  using  the  average  inlet  total  pressure,  are  presented  in  Figure  59.  With 
this  correction,  it  can  be  seen  that  losses  from  the  first  baseline  tests  were  geneallv  higher  than 
those  obtained  in  the  baseline  retest.  This  difference  was  due  to  the  +5  deg  higher  than  design 
incidence  incurred  in  the  first  test.  The  0.1rr  reversal  of  this  effect  at  the  low  Mach  number  point 
is  attributed  to  possible  small  boundary  layer  measurement  inaccuracies  during  the  first  test,  as 
well  as  the  fact  that  there  is  generally  less  sensitivity  of  airfoil  loss  due  to  incidence  at  low  Mach 
numbers. 

A slightly  higher  pressure  rise  coefficient  was  obtained  in  the  first  test  of  the  baseline  model. 
It  was  attributed  to  the  higher  positive  incidence  (tested  in  the  first  baseline  test),  which  caused 
a higher  effective  area  ratio. 

Figure  59  shows  that  cutting  back  the  leading  edge  and  uncambering  the  trailing  edge  (Mod 
1)  reduced  the  total  pressure  loss  from  3.1rr  to  2.7r<  at  M,  0.675.  At  this  same  condition,  the 
pressure  rise  coefficient  increased  from  0.24  to  0.28.  Addition  of  a downstream  diffuser  and 
endwall  protrusions  to  the  modified  airfoil  cascade  (Mod  2)  resulted  in  a pressure  rise  coefficient 
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Figure  58.  Effect  of  Incidence  on  Circular  Arc  Compressor  Cascade  Performance 
(Reference  2) 
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Figure  59.  40-deg  EGV  Average  Performance  Data  Referenced  to  Average  Inlet 
Total  Pressure  (13-Airfoil  Cascade ) 


of  0.372  at  design  conditions  or  a 55%  increase  over  the  baseline  case.  Approximately  a third  of 
this  increase  can  be  attributed  to  airfoil  modifications  and  the  remainder  to  divergence  of  the 
downstream  endwalls  and  contouring  of  the  endwall. 

Further  insight  into  the  distribution  of  total  pressure  loss  can  be  obtained  by  referencing  the 
exit  total  pressure  at  each  spanwise  position  to  the  inlet  pressure  at  the  corresponding  span 
location.  Figure  60  presents  spanwise  total  pressure  loss  distributions  for  the  second  test  sequence 
of  the  40-deg  cascade,  corrected  for  inlet  boundary  layer.  It  must  be  pointed  out  that  the  exact 
levels  of  these  data  cannot  be  considered  accurate  because  an  entering  stream  surface  does  not 
necessarily  remain  at  the  same  spanwise  location  as  it  passes  through  the  cascade.  This  is 
particularly  true  near  the  endwall,  where  the  entering  boundary  layer  is  swept  across  the  channel 
and  up  onto  the  airfoil  suction  surface.  However,  Figure  60  clearly  shows  that  the  concentration 
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of  loss  developed  by  highly  loaded  turbine  EGV’s  located  in  a secondary  flow  vortex  well  off  the 
endwall.  For  the  models  tested,  the  core  of  this  vortex  appears  to  be  at  about  10*  ; to  15T  span. 
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Figure  60.  40-deg  EGV  Total  Pressure  Loss  Distribution  Corrected  for  Inlet 
Total  Pressure  Distribution  (13-Airfoil  Cascade) 


The  performance  values,  computed  using  average  spanwise  inlet  pressures,  are  given  in 
Table  10  for  all  of  the  airfoil  cascade  tests. 


TABLE  10 

PHASE  I DATA  SUMMARY  (BASED  ON  AVERAGE  INLET  CONDITIONS) 


Airfoil 

Idea) 

HJH, 

Af, 

da.  deg 

M, 

da,  deg 

Ps.-P,, 

P T. 

#«,,  deg 

(AJ A 

no 

First  Test  Sequence 

30 

1.0 

0.224 

62.6 

0.215 

93.6 

0.0935 

0.0007 

1.73 

1.135 

0.447 

0.489 

62.6 

0.432 

94.8 

0.1795 

0.0030 

2.08 

1.164 

0.763 

1.1 

0.246 

62.6 

0.212 

96.6 

0.2623 

0.0007 

3.04 

1.256 

0.759 

0.499 

62.6 

0.421 

97.8 

0.2435 

0.0092 

3.57 

1.311 

0.643 

1.2 

0.267 

62.6 

0.216 

97.0 

0.3306 

0.0010 

4.19 

1.377 

0.728 

0.493 

62.6 

0.374 

99.6 

0.2951 

0.0171 

4.78 

1.449 

0.613 

40 

1.0 

0.235 

45.0 

0.207 

95.2 

0.2683 

0.0010 

3.34 

1.437 

0.489 

0.625 

45.0 

0.501 

95.5 

0.2504 

0.0303 

4.19 

1.595 

0.406 

1.1 

0.306 

50.3 

0.287 

91.7 

0.2835 

0.0048 

3.52 

1.468 

0.521 

0.661 

55.7 

0.557 

94.0 

0.1373 

0.0599 

3.72 

1.504 

0.251 

50 

1.0 

0.298 

47.4 

0.240 

92.3 

0.2086 

0.0085 

3.00 

1.389 

0.395 

0.507 

48.6 

0.390 

91.2 

0.1735 

0.0372 

3.25 

1.431 

0.328 

0.823 

48.6 

0.587 

91.6 

0.0478 

0.1685 

4.39 

1.650 

0.077 

Second  Test  Sequence 

40 

1.0 

0.237 

49.6 

0.197 

92.8 

0.2647 

0.0016 

2.65 

1.330 

0.617 

(Base) 

0.510 

49.9 

0.404 

93.5 

0.2421 

0.0188 

3.04 

1.392 

0.520 

0.683 

50.0 

0.535 

94.2 

0.2405 

0.0322 

3.52 

1.474 

0.476 

40 

1.0 

0.240 

50.5 

0.186 

95.2 

0.2946 

0.0038 

2.53 

1.312 

0.692 

(Mod  1) 

0.496 

.50.4 

0.386 

95.5 

0.2&39 

0.0141 

2.93 

1.375 

0.619 

0.658 

.50.7 

0.503 

96.0 

0.2829 

0.0260 

3.33 

1.441 

0.573 

40 

1.0 

0.240 

49.8 

0.176 

92.1 

0.3765 

0.0033 

2.57 

1.463 

0.875 

(Mod  2) 

0.478 

49.5 

0.334 

92.9 

0.3715 

0.0177 

2.91 

1.545 

0.810 

0.678 

50.2 

0.465 

93.1 

0.3725 

0.0327 

3.28 

1.647 

0.738 

E.  DATA  CORRELATION  USING  EQUIVALENT  CONE  ANGLE 

Historically,  the  purpose  of  plane  cascade  testing  has  been  to  determine  two-dimensional 
characteristics  for  the  cascade  of  interest.  Special  provisions  were  made  to  minimize  secondary 
flow  effects  on  the  midspan  region.  These  provisions  took  the  form  of  boundary  layer  bleed  and 
use  of  airfoil  aspect  ratios  on  the  order  of  2.0  and  greater.  As  the  importance  of  endwall  loss 
became  increasingly  apparent  (accounting  for  50 % or  more  of  the  total  loss  in  a multistage  axial 
flow  compressor),  tests  were  made  to  measure  these  effects,  and  efforts  were  made  to  develop 
endwall  loss  correlations.  Notable  among  these  was  the  work  by  Hanley  in  Reference  3.  Hanley 
correlated  cascade  exit  endwall  displacement  thickness  as  a function  of  static  pressure  coefficient 
and  inlet  endwall  displacement  thickness.  Figure  61  presents  Hanley’s  correlation,  which  shows 
that  the  maximum  permissible  loading  limits  for  operation  without  excessive  endwall  loss 
(sharply  increasing  6*,/b)  decrease  with  increasing  inlet-displacement-thickness  to  chord  ratio. 
Data  from  the  basic  Phase  I tests  have  been  superimposed  on  Figure  61.  It  can  be  seen  that 
generally  good  agreement  was  obtained.  This  is  particularly  significant  since  Hanley’s  original 
data  were  all  with  straight,  nondiverging  endwalls,  at  a constant  inlet  Mach  number  of  0.25.  with 
aspect  ratios  of  2.75  or  greater,  and  conventional  airfoil  designs.  In  fact,  more  than  half  of  his  data 
were  taken  with  sheet  metal,  circular  arc  airfoils  with  a camber  of  30  deg. 
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It  can  be  seen  that  all  low  Mach  number  EGV  data  (except  the  50-deg  model)  fit  well  on  the 
Hanley  plot.  It  is  significant  to  note  that  these  data  include  design  turnings  of  30  and  40  deg,  and 
endwalls  with  divergence  from  Hj/H,  = 1.0  to  H*/H2  = 1.2.  Also  data  for  models  with 
nondiverging  endwalls  at  the  higher  Mach  numbers  (0  = 30  deg  M,  = 0.489  and  0 = 40  deg,  M, 
= 0.625)  are  well  correlated.  However,  as  Mach  number  increases  with  diverging  endwalls, 
significant  trend  variations  occur.  This  is  most  noticeable  for  the  lower  turning  (6  = 30  deg) 
models.  It  is  known  whether  these  variances  are  due  to  endwall  divergence  at  high  Mach  numbers 
or  possibly  include  some  aspect  ratio  effects.  In  any  case,  another  correlation  technique  has  been 
considered  in  an  effort  to  develop  an  EGV  design  system.  Diffuser  performance  has  been 
successfully  explained  using  the  diffuser  area  ratio  and  cone  angle  as  correlating  parameters.  The 
area  ratio  represents  the  amount  of  diffusion  and  cone  angle,  the  rate  of  diffusion.  Reference  4 
describes  a correlation  system,  based  on  determining  an  angle  (6?q)  for  a diffusing  cascade, 
equivalent  to  a conical  diffuser  with  the  same  diffusion  area  ratio  and  length.  The  equivalent 
conical  angle  has  been  proposed  in  various  forms  in  References  5 and  6.  Appendix  B shows  the 
derivation  of  the  equivalent  cone  relationship: 

0,.q  tan-1  f 0.564  AR  (r/b)  sin  (180  - 0,*)  ( 1 - yj ( AJA ,)«,  )] 

The  correlation,  shown  in  Figure  62,  relates  0„,  with  diffusion  efficiency,  >;D,  where 


Vd  = 


APbAPt  P»hm*..ur. 

APsAPt  — Pji),  Ideal 


It  can  be  seen  that  the  data  groups  into  lines  of  constant  (AJA,)^.  The  available  compressor 
cascade  data  from  Hanley’s  tests  extend  from  a 6^  of  about  6.5  to  15  deg.  In  this  range,  losses  are 
caused  primarily  by  diffusion  effects,  and  r;D  is  increased  by  reducing  the  rate  of  diffusion  (the 
steepness  of  the  equivalent  cone  angle). 

Exit  guide  vanes,  on  the  other  hand,  generally  have  low  values  of  6 This  is  due  to  several 
factors,  among  which  are  low-aspect  ratios  and  low-gap-to-chord  ratios.  In  the  low  6 region, 
diffusion  losses  are  very  low;  however,  long  diffusers  are  required  to  obtain  a desired  area  ratio 
with  low  conical  angles.  This  results  in  increased  frictional  loss.  Friction  loss  dominates  the  low 
d,,,  region  so  that  a rapid  falloff  in  efficiency  is  experienced  as  deQ  is  reduced.  The  result  is  that  a 
maximum  efficiency  point  is  reached  where  the  friction  and  diffusion  losses  are  about  equal. 
Equivalent  conical  angles  above  or  below  this  point  will  result  in  less  efficient  performance.  It  can 
be  seen  in  Figure  62  that  the  Phase  I EGV  data  significantly  extend  the  range  of  available 
diffusing  cascade  data.  Also  extension  of  the  characteristic  lines  of  equivalent  area  ratio  correlate 
the  EGV  data,  as  well  as  that  for  the  compressor.  Phase  I data  include  inlet  Mach  numbers  from 
0.25  to  0.85,  with  straight  and  diverging  endwalls  (H,/H2  = 1.0  to  1.2)  for  air  turnings  from  30  to 
50  deg. 


F.  SUMMARY  — PHASE  I 


Non-series  airfoils,  designed  by  tailoring  camber  and  thickness  distribution  to  minimize  the 
potential  for  suction  surface  separation,  demonstrated  improved  performance  relative  to  state-of- 
the-art  circular  arc  series  airfoils,  reducing  total  pressure  loss  and  increasing  diffusion.  However, 
the  non-series  airfoils  were  found  to  be  sensitive  to  incidence  variations. 

The  airfoil  modifications  and  endwall  contours,  identified  in  the  flow  visualization  studies 
and  subsequently  tested  in  the  40-deg  cascade,  demonstrated  improved  performance  by:  reducing 
the  amount  of  loss  due  to  secondary  flow;  and/or  increasing  the  static  pressure  rise  coefficient. 
These  modifications  included  (at  the  endwall):  cutback  leading  edge,  uncambered  trailing  edge, 
reduced  suction  surface  camber,  and  addition  of  pressure  surface  protrusions. 

Using  a correlation  system  developed  at  P&WA,  the  Phase  I cascade  data  has  been 
correlated  with  previously  reported  compressor  cascade  data  to  provide  an  EGV  design  system. 
The  correlation  relates  an  equivalent  conical  angle  (0eq)  with  diffusion  efficiency  (»jD)  and  defines 
an  opimum  diffusion  efficiency  for  each  equivalent  diffuser  area  ratio  (A^A,)eq. 
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SECTION  II 

PHASE  II  — ANNULAR  CASCADE  DESIGN  AND  TESTING 


Phase  II  of  the  EGV  program  was  an  experimental  and  analytical  investigation  conducted 
to:  (1)  evaluate  and  improve  the  accuracy  of  the  Phase  I design  system  (fleq),  and  (2)  evaluate, 
in  a three-dimensional  flow  environment,  the  effects  of  spanwise  variations  in  Mach  number,  gas 
turning  and  gap/chord  ratio.  The  Phase  II  experimental  investigations  were  conducted  in  an 
annular  cascade  test  facility  designed  to  provide  EGV  inlet  Mach  number  and  swirl  distributions 
which  are  typical  of  an  advanced  engine  application. 

In  this  phase,  two  EGV  annular  cascades  were  tested.  The  first  airfoil  was  a non-series  high 
aspect  ratio  design  which  did  not  have  any  airfoil  or  endwall  modifications  included  in  the  design 
to  reduce  secondary  losses.  The  second  airfoil  was  exactly  the  same  as  the  first  except  for  endwall 
and  airfoil  modifications  intended  to  reduce  secondary  losses.  These  modifications  included  (at 
or  near  the  endwall):  cutback  leading  edge,  uncambered  trailing  edge  and  pressure  side 
protrusions. 

A.  AIRFOIL  AND  ENDWALL  ANALYSIS  AND  DESIGN 
1.  Design  Point  Selection 

Design  of  the  Phase  II  annular  cascade  models  was  based  on  inlet  swirl  and  Mach  number 
distributions,  representative  of  conditions  from  an  advanced,  highly  loaded  fan-drive  turbine. 
The  selected  turbine  was  from  a preliminary  design  study  for  a single-stage,  fan-drive  turbine  to 
be  used  in  an  advanced  FlOO-sized  engine.  Table  1 1 presents  meanline  conditions  for  this  turbine. 

TABLE  11 

MEANLINE  CONDITIONS  FOR  THE 
SELECTED  SINGLE-STAGE, 

LOW-PRESSURE  TURBINE  DESIGN 


Stage  Loading  Parameter  (AHt/Tt)  0.043 

Inlet  Flow  Parameter  [ Wx/  CT X/PT) ,n,^t]  68.2 

Inlet  Speed  Parameter  (N/\/  (Tt)  222.5 

Pressure  Ratio  (PR)  2.12 

Mean  Velocity  Ratio  (VRM)  0.472 

Exit  Air  Angle,  (dE„t)  deg  52.0 

Exit  Mach  Number  [(Ma)e.u1  0.539 


The  diffusion  system  (EGV  and  downstream  diffuser)  length  and  inlet -to-exit  annulus  area 
ratio  were  based  on  the  F100  turbine  fiowpath  shown  in  Figure  63.  EGV  inlet  Mach  number  and 
air  angle  distributions  are  presented  in  Figure  64  or  design  conditions. 

2.  Selection  of  Model  Scale  and  Swirl  Vane  Design 

A schematic  of  the  Phase  II  annular  cascade  test  rig,  showing  its  major  components,  is 
presented  in  Figure  65.  Airlow  to  the  rig  plenum  chamber  was  delivered  through  a 10-in. -diameter 
pipe.  To  reduce  the  possibility  of  flow  distortion  due  to  a high  velocity  jet  from  this  pipe,  design 
flowrate  was  set  for  a pipe  exit  Mach  number  of  0.3.  The  resulting  flowrate  of  16  tb/sec  set  the  rig 
annulus  area  at  about  1/6  of  the  engine  EGV  inlet  annulus  area.  This  rig  annulus  area  could  have 
been  used  to  simulate  either  (1)  a 60-deg  sector  of  an  engine  size  EGV  or  (2)  a larger  sector  of  a 


J 
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reduced-scale  EGV.  The  desirability  of  avoiding  flow  distortion  caused  by  proximity  of  the 
annular  segment  side  walls  dictated  that  model  scale  be  reduced  to  provide  a sector  are  of  180 
deg.  This  resulted  in  a model  scale,  which  was  60‘  ; of  full  size. 


Figure  63.  F100  Single  Stage  Low  Pressure  Turbine  Flowpath 
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A streamline  anlaysis  of  the  test  rig  flowpath  indicated  that  inlet  swirl  vanes  (Figure  65) 
could  simulate  the  desired  inlet  air  angle  profile,  but  would  not  provide  the  desired  Mach  number 
distribution.  This  was  due  to  differences  in  engine-to-rig  spanwise  total  pressure  variation. 
Therefore,  an  inlet  flow  control  screen  was  designed  to  provide  a variation  of  radial  blockage  and 
loss  characteristics,  resulting  in  a more  desirable  Mach  number  distribution.  The  screen  system 
was  a five-segment  design  with  the  spanwise  total  pressure  loss  and  blockage  characteristics 
shown  in  Figure  66.  Figure  67  compares  the  desired  Mach  number  distribution  to  predictions  for 
the  rig  with  and  without  the  flow  control  screen. 

The  inlet  swirl  vanes  were  designed  in  five  spanwise  sections  (root, ' t root,  mean,  1 4 tip,  and 
tip)  with  constant  thickness  to  provide  the  EGV  inlet  air  angle  distribution  shown  in  Figure  64. 
Gap/chord  ratio  was  selected  for  low  loading  (CLm„  = 0.71)  to  minimize  wake  size  and  the 
associated  total  pressure  loss  generated  by  the  vanes. 


SCREEN 
SEGMENT 
BREAKS  - 


TOTAL  PRESSURE  LOSS 


BLOCKAGE 


Figure  66.  Annular  Cascade  Rig  Inlet  Screen  Design  Total  Pressure  Loss  and 
Blockage  Characteristics 
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Figure  67.  Annular  Cascade  Exit  Guide  Vane  Inlet  Absolute  Mach  Number 
Distribution 


The  final  cord  length  (2.18  in.)  was  selected  to  provide  a turning  vane  spacing  60rr  wider 
than  the  EGV  pitch.  The  five  sections  were  stacked  to  provide  radial  exit  wake  profiles  at  the 
EGV  leading  edge  plane.  With  the  resulting  wide  spacing  and  selected  stacking  technique,  it  was 
planned  that  there  would  be  three  EGV  passages  free  of  swirl  vane  wakes  within  the  60-deg  survey 
range  of  the  exit  traverse  probe.  Design  parameters  for  the  swirl  vanes  are  presented  in  Table  12. 


TABLE  12 

INLET  SWIRL  VANE  DESIGN  PARAMETERS 


Percent  Span 

0 % 

25% 

50 % 

75% 

100 % 

Inlet  Gas  Angle  (da).  deg 

90.0 

90.0 

90.0 

90.0 

90.0 

Inlet  Metal  Angle  (da*),  deg 

90.0 

90.0 

90.0 

90.0 

90.0 

Exit  Gas  Angle  (da).  deg 

53.4 

48.4 

50.0 

53.6 

60.0 

Exit  Metal  Angle  (da*),  deg 

53.4 

48.4 

50.0 

53.6 

60.0 

Axial  Chord  (bx),  in. 

2.18 

2.18 

2.18 

2.18 

2.18 

Thickness/Chord  (t/bx) 

0.014 

0.014 

0.014 

0.014 

0.014 

Gap/Chord  (r/bx) 

0.463 

0.552 

0.642 

0.731 

0.821 

Zwiefel  Load  Coefficient  (CL) 

0.443 

0.549 

0.632 

0.699 

0.711 

3.  Aerodynamic  Design  of  Configuration  1 (EGV  No.  1) 

Overall  dimensions  of  the  model  were  selected  for  compatibility  with  the  available  space  for 
an  exit  guide  vane  in  an  F100  engine,  with  a single-stage,  fan-drive  turbine.  Figure  68  presents  the 
assumed  flowpath  constraints.  Divergence  was  permitted  at  the  OD  where  Mach  number  was 


Figure  68.  Annular  Cascade  Diffusion  System  Flowpath  Restraints  (Rig  Scale) 
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low;  however,  the  ID  wall  within  the  airfoil  row  was  maintained  constant  (i.e.,  it  had  no 
divergence)  to  avoid  excessive  loading  in  the  high  Mach  number,  high  turning  rix>t  area.  With 
these  resulting  dimensional  constraints,  the  design  process  involved  the  selection  of  an  EGV, 
which  would  provide  the  highest  possible  diffusion  system  efficiency  with  low  total  pressure  loss. 

The  design  was  guided  by  results  from  the  Phase  I plane  cascade  tests,  which  provided  data 
to  verify  and  extend  a P&WA  diffusing  cascade  correlation  system.  The  correlation  system  was 
based  on  an  equivalent  conical  angle  (6>eq),  determined  by  equating  each  cascade  to  a conical 
diffuser  with  the  same  diffusion  area  ratio  and  length.  In  Reference  1,  6rq  is  shown  to  be: 

t)rq  tan-1  [ 0.564  yj  AR  (r/b)  sin  (180  - 0,*)  ( 1 - ^<A1/A,)„1  )"| 

Figure  69  presents  the  correlation,  which  related  6rq  with  diffusion  efficiency,  ijD,  where 

APs/(PT  — P«).m„a,ured 
1,0  ~ APsAPt  - P a), Ideal 

It  can  be  seen  that  the  data  group  into  lines  of  constant  equivalent  area  ratio,  which  correlate  the 
Phase  I data  with  the  earlier  compressor  cascade  data.  The  locus  of  peak  efficiency  points  for  each 
equivalent  area  ratio  line  is  shown  in  Figure  69  as  the  maximum  i)D  line. 

The  design  ground  rule  of  constant  ID  and  diverging  OD  (Figure  68)  resulted  in  a variation 
of  equivalent  area  ratio  through  the  cascade  as  axial  chord  was  changed.  This  variation  of 
equivalent  area  ratio  with  chord  was  combined  with  the  correlation  system  of  Figure  69  [which 
relates  tju,  and  0eq  with  (A*/A2)pq  for  the  optimum  j?D]  and  the  definition  of  0rq  | which  links  r/b, 
and  AR  with  (A,/Aj),,q)  to  determine  the  effect  of  chord  length  on  optimum  r/b,  AR.  and  ijd  as 
shown  in  Figure  70.  As  chord  length  was  decreased,  the  optimum  gap/chord  ratio  also  decreased, 
as  shown  in  Figure  71.  The  ideal  pressure  rise  went  down  with  chord  length  because  area  ratio 
decreased  (due  to  the  diverging  outer  wall).  This  reduction  of  ideal  pressure  rise  in  combination 
with  higher  diffusion  efficiencies  at  lower  area  ratios  (Figure  69)  resulted  in  a nearly  constant 
predicted  pressure  rise  curve  for  all  chord  lengths. 

Reducing  airfoil  chord  increased  the  length  available  for  the  downstream  diffuser,  resulting 
in  the  geometry  changes  and  performance  improvements  presented  in  Figure  72.  Included  in  this 
figure  is  a diffuser  stability  limit  based  on  P&WA  annular  diffuser  experience.  This  limit 
indicates  that,  with  the  geometry  restraints  of  this  design,  a downstream  diffuser  shorter  than  2.3 
in.  may  be  unstable  and  not  produce  the  expected  pressure  rise. 

Figure  7i  shows  that  the  cascade  pressure  rise  was  not  changing  significantly  and  the 
diffusion  factor  was  going  down  as  chord  length  was  reduced.  The  possibility  of  reducing  endwall 
losses  by  increasing  airfoil  aspect  ratio  provided  additional  motivation  for  selecting  a short  chord 
design.  Further,  the  improved  performance  available  as  annular  diffuser  length  was  increased 
(Figure  72)  also  encouraged  short  chord  airfoils  (to  provide  more  room  for  the  diffuser).  However, 
there  was  no  definite  limit  as  to  how  short  the  chord  should  be.  Therefore,  the  selection  of  a chord 
of  1.54  in.  was  based  on  a compromise  to  provide  sufficient  size  for  accurate  fabrication  and 
reasonable  compatibility  with  the  inlet  turning  vane  design.  The  selected  chord  resulted  in  a full 
annulus  design  with  48  EGV’s  (Figure  71),  which  combined  with  the  30  airfoil  turning  vane  design 
to  provide  turning  vane  passages  60^'r  wider  than  the  EGV  passages.  With  this  combination,  there 
would  be  three  EGV  passages  free  of  turning  vane  wakes  in  the  60-deg  flow  field  segment  to  be 
surveyed  during  the  tests. 
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Figure  70.  EG  V Design  Characteristics  Based  on  Phase  I Cascade  Correlation 

at  Optimum  Diffuser  Efficiency 
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Figure  71.  EGV  Design  Characteristics  Based  on  Phase  I Cascade  Correlation 
at  Optimum  Diffuser  Efficiency 
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With  the  selection  of  chord  length,  the  airfoil  gap/chord  ratio  was  defined.  Gap/chord  ratio 
in  combination  with  inlet  and  exit  air  angles  provided  sufficient  information  to  design  the  EGV 
airfoil  aerodynamic  contour.  The  airfoil  contour  was  designed  at  five  span  locations  (root,  1 1 root, 
mean,  V«  tip  and  tip)  by  tailoring  the  camber  and  thickness  distributions  to  minimize  separation 
potential,  based  on  boundary  layer  analysis  of  the  contour  and  calculated  pressure  distribution. 
The  five  airfoil  cross-sections  and  defining  coordinates  are  presented  in  Appendix  D.  Boundary 
layer  analysis  of  the  airfoil  suction  surface  at  rig  conditions  indicated  transitional  boundary 
layers  with  unseparated  flow  over  90  to  100c<  of  the  suction  surface  length.  Results  of  the 
boundary  layer  analysis  are  presented  in  Figures  73  through  77. 

4.  Aerodynamic  Design  of  Configuration  2 (EGV  No.  2) 

EGV  No.  2 had  the  same  basic  cascade  and  downstream  diffuser  as  the  first  model 
(discussed  above).  However,  airfoil  and  endwall  modifications,  found  to  improve  performance  in 
Phase  I,  were  incorporated.  These  modifications  were: 

1.  Cutback  of  the  airfoil  leading  edge  by  30ri  near  the  endwalls 

2.  Locally  uncambering  the  airfoil  near  the  endwalls 

3.  Addition  of  endwall  protrusions  along  the  airfoil  pressure  surface,  extending 
into  the  downstream  diffuser. 

The  cutback  and  uncambered  airfoil  sections  were  designed  for  the  same  inlet  air  angle  as 
the  unmodified  configurations.  A 30'V  reduction  of  chord  was  selected  based  on  results  from  the 
Phase  I study.  The  trailing  edges  were  set  for  an  exit  metal  angle  of  90  deg,  which  resulted  in  an 
uncambering  of  6.5  deg  at  the  root  and  6.8  deg  at  the  tip.  Figures  78  and  79  present  the  modified 
root  and  tip  sections,  respectively,  superimposed  on  the  unmodified  designs.  An  analysis  of  the 
endwall  boundary  layer  growth  up  to  the  EGV  leading  edge  indicated  a relatively  thin  boundary 
layer  (velocity  boundary  layer  thickness  = 0.26  in.  on  the  OD  and  the  0.11  in.  on  the  ID).  Because 
it  was  not  possible  to  accurately  account  for  the  effects  of  the  inlet  flow  control  screen  and  inlet 
turning  vanes  on  the  boundary  layer  growth,  it  was  decided  to  begin  the  cutback  0.3  in.  away  from 
the  endwall  to  ensure  that  it  extended  beyond  the  boundary  layer. 

The  filleted  pressure  side  protrusions  were  designed  to  minimize  the  rate  of  change  of 
streamtube  flow  area  near  the  endwalls.  Examination  of  the  predicted,  spanwise  loss  distribution 
for  EGV  No.  1,  presented  in  Figure  80,  showed  that  endwall  loses  were  restricted  to  about  30rr  of 
span  near  the  ID  and  20 % of  span  near  the  OD.  Therefore,  the  area  distributions  of  interest  were 
restricted  to  streamtubes  containing  30c;  of  the  flow  near  the  ID  and  20rr  of  the  flow  near  the  OD. 
It  was  assumed  that  these  streamtubes  included  the  endwall  loss  regions.  Figure  81  presents  the 
flow  area  distributions  for  the  selected  ID  and  OD  streamtubes  with  and  without  endwall 
protrusions.  It  can  be  seen  that  the  flow  area  distributions  have  been  modified  by  the  addition  of 
pressure  side  fillet  areas  that  begin  within  the  cascade  at  an  axial  position  about  1 in.  behind  the 
leading  edge.  These  fillets  were  extended  beyond  the  airfoil  trailing  edges  by  approximately  1 2 
chord  length.  Figure  82  presents  the  selected  design  for  EGV  No.  2 showing  the  cutback  leading 
edge  and  endwall  protrusions. 
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Annular  Cascade  EGV  Root  Section  Boundary  Layer  Analysis  (Mi 
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Figure  75.  Annular  Cascade  EGV  Mean  Section  Roundan1  Layer  Analysis  (M2 
= 0.527) 
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Figure  79.  EGV  No.  2 Cutback  Tip  Section  ( Scaled ) 
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B.  ANNULAR  CASCADE  TEST  SETUP  AND  DATA  REDUCTION 

1.  Facility 

The  Phase  II  annular  cascade  testing  was  conducted  in  the  same  test  facility  used  for  the 
Phase  I plane  cascade  testing  (described  earlier  in  Section  I.C,  Figure  26).  The  annular  cascade 
rig  was  designed  to  replace  the  plane  cascade  rig  directly,  allowing  the  use  of  existing  control  room 
instrumentation  and  data  recording  systems. 

2.  Test  Rig  Description 

The  Phase  II  performance  tests  were  conducted  in  the  180-deg  annular  segment  cascade  rig 
shown  in  Figures  83  and  84.  Airflow  to  the  annular  cascade  was  provided  through  a 36-in. 
diameter  plenum  chamber.  Airflow  transition  into  the  cascade  was  made  with  a fiberglass  inlet 
bellmouth.  Immediately  downstream  of  the  bellmouth  was  the  flow  control  screen.  This  screen 
was  designed  with  radial  variations  in  flow  blockage  to  provide  the  desired  total  pressure 
distribution  into  the  downstream  test  section  as  discussed  in  Section  II. A. 

The  inlet  turning  vanes  located  downstream  of  the  flow  control  screen  provide  the  desired 
swirl  into  the  exit  guide  vanes.  The  inlet  turning  vanes  were  manufactured  from  0.040-in.  thick 
stainless  steel  sheet  stock.  They  were  then  assembled  into  stainless  steel  upper  and  lower  guide 
plates  and  mounted  into  a fiberglass  duct  segment.  The  guide  plates  controlled  the  vane  stagger 
angle  and  pitch  during  assembly  and  also  formed  the  fiowpath  inner  and  outer  walls  within  the 
cascade. 

Figures  85  and  86  show  the  two  exit  guide  vane  configurations  tested.  In  each  test,  23  vanes 
were  used  to  define  the  cascade.  The  exit  guide  vanes  themselves  were  cast  from  Kirksite  and 
then  hand  polished  to  final  shape.  A description  of  the  inspection  methods  and  airfoil  deviation 
is  presented  in  the  following  section.  The  vanes  were  assembled  into  two  separate  fiberglass  duct 
segments  by  the  same  method  as  previously  described  for  the  turning  vanes.  However,  for  EGV 
No.  2,  the  contoured  endwalls  within  the  cascade  were  formed  by  platforms  which  were  integrally 
cast  with  the  airfoils  as  shown  in  Figure  86.  The  rig  exhaust  section,  shown  in  Figure  84,  was  also 
constructed  of  fiberglass. 

3.  Airfoil  Inspection 

Finished  airfoils  for  EGV  No.  1 were  inspected  by  a probagraph  (eyelash)  machine  at  three 
span  positions  ('4  root,  mean,  and  '/«  tip).  It  was  determined  that  there  were  only  minor 
deviations  from  the  desired  contours  as  shown  in  Figure  87.  Table  13  compares  the  design  and 
inspected  vane  leading  edge  and  trailing  edge  metal  angles.  It  can  be  seen  that  the  greatest 
deviation  is  at  the  leading  edge  where  a 3-  to  6-deg  higher  metal  angle  was  measured.  The  effect 
of  this  variance  is  to  increase  incidence.  However,  it  is  later  shown  in  Section  II.C  that  the  inlet 
turning  vanes  underturned  by  about  2 deg,  which  offset  about  one-half  of  the  potential  incidence 
variation.  TABLE  13 

COMPARISON  OF  DESIGN 

AND  INSPECTED  PHASE  II  EGV  AIRFOIL  METAL  ANGLES 


Design 

Inspected 

Inlet  Metal 
Angle, 

Exit  Metal 
Angle.  ii,‘ 

Camber 

Inlet  Metal 
Angle,  Ja* 

Exit  Metal 
Angle.  H,' 

Camber 

' 1 - Root 

47.18 

82.00 

50.82 

52.a3 

81.75 

45.42 

Mean 

47.11 

81 .50 

51.39 

51.67 

84.58 

43.75 

'.Tip 

50.55 

81 .50 

47.95 

53.42 

83.42 

43.16 
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Figure  87.  EGV  No.  1 Airfoil  Inspection 
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The  modified  endwall  regions  of  EGV  No.  2 were  inspected  by  hand  with  templates  and 
deviations  were  corrected  by  adding  or  removing  material.  The  casting  pattern  for  the  central 
portion  of  EGV  No.  2 was  the  EGV  No.  1 pattern  for  the  same  section,  so  the  inspected  airfoil 
cross -sect ions  presented  in  Figure  87  are  also  representative  of  EGV  No.  2. 


4.  Test  Rig  Instrumentation 

Exit  guide  vane  performance  was  determined  by  measuring  flow  conditions  at  four  different 
axial  positions  within  the  test  rig.  Figure  84  defines  each  of  these  axial  positions  or  stations.  At 
each  station,  static  pressures,  total  pressures,  and  air  angle  measurements  were  recorded. 
Appendix  E gives  the  identification  headers  and  circumferential  locations  of  the  wall  static  and 
traverse  probe  instrumentation.  Static  pressure  measurements  were  made  using  0.082-in. 
hypotubing,  installed  flush  with  the  rig  internal  walls.  Total  pressure  measurements  and  air  angle 
measurements  at  the  turning  vane  inlet  (station  1)  and  the  EGV  inlet  (station  2)  were  made  using 
minicobra  traverse  probes.  A 13-element  wake  rake  was  also  used  at  station  2 to  measure  total 
pressure.  This  rake  was  traversed  radially  to  obtain  spanwise  EGV  inlet  total  pressure 
distributions. 

Total  pressure  and  air  angle  measurements  at  the  EGV  exit  (station  3)  and  the  diffuser  exit 
(station  4)  were  made  using  a single  9-deg  cone  probe,  which  traversed  both  radially  and 
cirumferentially.  During  checkout  tests  (with  no  EGV  cascade),  this  probe  was  positioned  to 
survey  the  flow  field  behind  the  turning  vane  at  station  2.  Figure  88  shows  the  radiallv- 
circu inferential  (RC)  probe  actuator  setup.  The  RC  probe  is  capable  of  traversing  30  deg  to  the 
right  and  left  of  the  rig  top  center  position.  Axial  position  was  adjusted  by  manually  sliding  the 
probe  actuator  forward  or  aft  relative  to  the  stationary  support  stand.  This  movable  section  of  the 
probe  actuator  system  was  also  coupled  to  the  rig  mount  plate  by  two  side  braces.  These  braces 
maintained  the  relative  position  between  the  probe  and  the  test  rig  as  the  rig  moved  due  to 
thermal  expansion  of  the  inlet  supply  line. 

Air  angle  measurements  were  made  by  using  an  automatic  air  angle  seeking  system  with 
both  the  minicobra  probes  and  the  RC  probe.  This  system  compensates  for  any  change  in  air 
angle  by  using  a null  balance  between  static  pressures  on  the  sides  of  the  probes.  A system 
schematic  is  shown  in  Figure  89.  Also  shown  in  the  linear  control  system  used  to  position  the 
traverse  probes  radially. 

Rig  inlet  conditions  were  measured  with  two  static  pressure  taps  and  two  total  temperature 
probes  located  within  the  supply  plenum.  Airflow  into  the  rig  was  measured  using  a 7.250-in. 
diameter  orifice  located  upstream  of  the  rig  plenum  section. 

5.  Data  Racordlng 

All  transient  data  measured  with  the  traverse  probes  and  a selected  amount  of  steady-state 
data  necessary  to  define  rig  inlet  conditions  and  flowrates  were  recorded  on  the  test  stand’s 
automatic  data  recording  system.  All  remaining  data  were  measured  using  manometers  and 
gages.  The  data  recorded  with  manometers  were  limited  to  steady-state  wall  static  pressures. 
Some  instrumentation  monitored  by  the  data  system  was  also  coupled  to  manometers  and  gages 
to  define  and  set  the  test  points.  In  such  instances,  the  recorded  data  was  used  in  the  final  data 
reduction. 
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Bellmouth 


Figure  88.  Annular  Cascade  Radial-Circumferential  Probe  Traverse  System 


Q Pressure  Transducer 


Start  Signal 


Figure  89.  Linear-Rotary  Probe  Traverse  Control  System — Radial  Traverse 
and  Automotive  Air  Angle  Seeking 


During  measurements  of  transient  total  pressures  with  the  traverse  probes,  low-range,  high- 
accuracy  differential  pressure  transducers  were  used.  These  transducers  were  coupled  with  the 
known  plenum  pressure  either  directly  or  in  series.  The  turning  vane  inlet  (station  1)  and  EGV 
inlet  (station  2)  total  pressures  were  determined  by  recording  the  pressure  drop  between  each 
probe  and  the  reference  plenum  pressure.  Downstream  of  the  EGV,  at  stations  3 and  4,  total 
pressure  was  determined  by  measuring  the  pressure  difference  from  the  station  2 cobra  probes. 
This  method  permitted  the  use  of  low-range  (5  psi)  transducers  to  measure  the  pressure  drop 
across  the  exit  guide  vanes  and  the  downstream  diffuser. 

The  total  pressure  measurements  made  using  the  EGV  inlet  (station  2)  rake  probe  were  also 
recorded  with  a differential  pressure  transducer  referenced  to  the  plenum;  however,  a scanivalve 
system  was  used  to  cycle  between  the  rake  elements,  necessitating  the  use  of  only  one  transducer. 

6.  Test  Procedure 

During  any  given  test,  rig  flow  was  adjusted  to  provide  maximum  EGV  inlet  Mach  numbers 
of  0.25,  0.7,  or  0.9.  The  maximum  EGV  inlet  Mach  number  was  defined  as  the  maximum  Mach 
number  at  any  spanwise  location  based  on  the  station  2 cobra  probes  and  wall  static  pressures 
(read  out  on  manometers  in  the  control  room).  Since  the  rig  inlet  flow  control  screen  was  designed 
with  minimum  blockage  near  the  ID  wall,  the  maximum  Mach  numbers  were  measured  at  or  near 
the  10*7  span  location.  Once  the  desired  condition  was  established,  the  upstream  plenum 
pressure  and  temperature  were  noted  and  held  constant. 
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The  first  test  sequence  in  Phase  II  was  conducted  to  verify  that  the  rig  adequately  simulated 
the  design  EGV  inlet  conditions.  During  this  rig  checkout,  the  EGV  test  section  and  the  exhaust 
section  were  not  installed.  It  was,  therefore,  possible  to  move  the  radial-circumferential  (RC) 
traverse  probe  upstream  to  the  station  2 location  and  completely  survey  the  flow  field  total 
pressure  and  air  angle  approaching  the  EGV  models.  Data  from  RC  probe  surveys  obtained 
during  the  checkout  test,  also  provided  an  accurate  reference  for  comparison  with  the  wake  rake 
and  cobra  probes,  located  at  station  2. 

At  each  test  point,  the  traverse  probes  (cobra  and  wake  rake)  at  the  EGV  inlet  (station  2) 
were  positioned  to  correspond  with  the  percent  span  position  of  the  RC  probe.  The  RC  probe  was 
then  traversed  circumferentially  through  an  arc  of  60  deg  during  the  checkout  test  and  early 
performance  tests.  The  circumferential  range  was  reduced  to  45  deg  during  the  later  test  points 
(to  speed  up  testing)  after  examination  of  the  data  indicated  there  would  be  no  loss  of  accuracy. 

Performance  ‘ests  were  conducted  with  an  EGV  test  section  and  the  exhaust  section  in 
position  (see  Figure  84).  During  each  test  Mach  number,  the  RC  traverse  probe  was  positioned  to 
survey  the  flow  field  at  the  EGV  exit  (station  3)  and  then  moved  downstream  to  survey  the 
diffuser  exit  at  station  4.  In  this  way,  it  was  possible  to  isolate  diffusion  and  pressure  loss 
performance  for  the  EGV  cascade  alone  (stations  2-3),  the  combination  cascade  and  diffuser 
(stations  2-4),  and  the  downstream  diffuser  alone  (stations  3-4). 

7.  Data  Reduction 

The  performance  evaluation  of  the  Phase  II  annular  cascade  tests  was  based  on  total 
pressure,  static  pressure,  and  air  angle  data  taken  at  the  EGV  inlet  (station  2)  and  exit  (station 
3)  and  the  downstream  diffuser  exit  (station  4),  as  described  earlier. 

Data  from  the  station  2 rake  probe  was  used  to  define  the  EGV  inlet  total  pressure.  This  13- 
element  wake  rake  was  designed  to  survey  across  one  pitch  of  the  turning  vane  at  the  vane  tip 
section.  This  required  that  only  selected  elements  of  the  probe  be  used  to  determine  the 
circumferential  average  pressure  as  the  probe  was  radially  traversed.  Figure  90  shows  the  range 
of  data  sampling  available  with  the  rake  probe  and  identifies  the  selected  probe  elements 
arithmetically  averaged  to  obtain  pressure  at  each  span  location.  Average  EGV  inlet  total 
pressure  was  based  on  an  area  weight  average  of  the  spanwise  distribution.  Static  pressures  a*  the 
station  2 OD  and  ID  were  obtained  by  arithmetically  averaging  data  from  the  six  OD  and  six  ID 
static  pressure  taps,  respectively.  A linear  distribution  of  static  pressure  from  the  ID  to  the  OD 
was  assumed  for  the  use  in  the  calculation  of  spanwise  Mach  number  distributions.  Air  angle 
distributions  at  the  EGV  inlet  were  based  on  the  checkout  run  surveys  at  station  2.  Cobra  probe 
air  angle  measurements  were  recorded  to  ensure  that  no  variation  of  rig  operation  occurred 
between  the  checkout  tests  and  the  performance  tests. 

Total  pressure  and  air  angle  measurements  behind  the  EGV  were  obtained  from  radial- 
circumferential  traverse  probe  surveys.  Data  from  this  probe  were  arithmetically  averaged  in  the 
circumferential  direction  to  obtain  spanwise  distributions.  These  profiles  were  then  used  to 
calculate  area  weight  total  pressure  and  air  angles  at  the  EGV  exit  (station  3)  and  the  diffuser  exit 
(station  4).  Data  from  the  static  pressures  taps  at  stations  3 and  4 were  arithmetically  averaged 
just  as  discussed  above  for  station  2. 
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This  data  reduction  process  provided  the  information  to  calculate  the  following  performance 
parameters: 
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= Equivalent  Conical  Angle  (See  Section  I and  Appendix  C) 
= Equivalent  Area  Ratio  (See  Section  I and  Appendix  C) 
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C.  AIRFOIL  PERFORMANCE  TEST  RESULTS 
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1.  General 

This  section  presents  the  Phase  II  test  results  for  the  rig  checkout  tests  and  for  each  of  the 
two  EGV  test  configurations.  Each  configuration  was  tested  at  three  Mach  numbers  (0.25,  0.7, 
and  0.9).  These  test  point  Mach  numbers  were  established  at  the  EGV  inlet  (station  2)  near  the 
ID  where  the  maximum  Mach  number  occurred  due  to  the  simulated  engine  velocity  distribution. 
The  test  Mach  number  was,  therefore,  referred  to  as  M,max,  Table  14  presents  the  Phase  II  test 

TABLE  14 

TEST  PROGRAM  SUMMARY 


st  No. 

Radial  Circumferential 
Probe  Survey  Station 

Configuration 

Maximum  Inlet 
Mach  No. 

1 

2 

Check  Case  (No  EGV) 

0.7 

2 

2 

Check  Case  (No  EGV) 

0.25 

3 

2 

Check  Case  (No  EGV) 

0.90 

4-3 

3 

EGV  No.  1 

0.7 

4-4 

4 

EGV  No.  1 

0.7 

5-3 

3 

EGV  No.  1 

0.25 

5-4 

4 

EGV  No.  1 

0.25 

6-3 

3 

EGV  No.  1 

0.90 

6-4 

4 

EGV  No.  1 

0.90 

7-3 

3 

EGV  No.  2 

0.7 

7-4 

4 

EGV  No.  2 

0.7 

8-3 

3 

EGV  No.  2 

0.25 

8-4 

4 

EGV  No.  2 

0.25 

9-3 

3 

EGV  No.  2 

0.90 

9-4 

4 

EGV  No.  2 

0.90 
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sequence.  It  will  be  noted  that  test  numbers  for  the  performance  configurations  include  the 
station  at  which  the  radial-circumferential  probe  was  located.  This  was  done  because  almost  a 
complete  set  of  data  (total  pressure,  temperatures,  air  angles,  and  static  pressures)  was  obtained 
during  surveys  with  this  probe  when  it  was  moved  to  each  of  its  axial  locations.  The  only 
information  lacking  was  total  pressure  and  air  angle  at  the  station  not  being  surveyed.  Table  15 
presents  all  of  the  measured  performance  parameters  for  Phase  11. 

2.  Checkout  Teats 

The  objective  of  the  checkout  test  was  to  verify  that  the  test  rig  adequately  simulated  the 
design  EGV  inlet  conditions.  The  checkout  test  configuration  consisted  of  the  rig  inlet  bellmouth, 
the  flow  control  screen,  and  inlet  swirl  vanes.  No  EGV  cascade  was  installed  for  these  tests. 

figure  91  presents  the  swirl  vane  exit  isobar  plot  from  the  checkout  run  at  design  conditions 
(MJmai  = 0.7)  for  the  60-deg  segment  surveyed.  The  wakes  from  five  swirl  vanes  and  the  two  cobra 
probes  can  be  identified.  A total  of  15  swirl  vane  passages  were  contained  in  the  180-deg  annular 
segment  so  that  each  passage  spanned  a 12-deg  segment.  The  periodicity  of  the  inlet  flow  field 
was  examined  by  comparing  radial  total  pressure  and  air  angle  distributions  obtained  bv 
averaging  data  from  a single  passage  (a  12-deg  segment)  with  averages  from  three  passages  (a  36- 
deg  segment).  Figure  92  shows  the  results  of  this  study.  It  can  be  seen  that  EGV  inlet  total 
pressure  agreed  within  0.1  psi  and  air  angle  varied  by  only  1 deg. 
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Figure  91.  Annular  Cascade  Checkout  Test,  Swirl  Vane  Exit  Flow  Field 
Isobars  at  Design  Conditions 
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TABLE  15 

PHASE  II  DATA  SUMMARY 
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It  was  possible  to  completely  survey  total  pressure  at  the  swirl  vane  exit  (station  2)  only  with 
the  EGV  cascade  removed.  Therefore,  part  of  the  station  2 instrumentation  was  a 13-element 
wake  rake  that  could  be  used  to  define  total  pressure  during  the  performance  tests.  This  probe 
was  relatively  large,  so  it  was  positioned  outside  the  survey  area  to  prevent  its  wake  from 
distorting  the  flowfield  being  studies.  Figure  93  compares  the  spanwise  total  pressure 
distributions  measured  by  the  wake  rake  and  radial-circumferential  probes  for  the  design  inlet 
conditions.  It  can  be  seen  that  the  average  wake  rake  data  matches  the  traverse  probe  data  within 
0.1  psia.  These  results  show  that  the  rake  provides  adequate  measurement  of  total  pressure  and 
that  there  is  little  circumferential  variation  of  flow  conditions  between  the  survey  area  (±30  deg 
from  the  station  centerline)  and  the  wake  rake  position  (42  deg  from  the  station  centerline). 

The  spanwise  Mach  number  and  air  angle  distributions  measured  in  the  checkout  run  are 
compared  to  the  desired  profiles  in  Figure  94  at  design  conditions.  It  can  be  seen  that  the  desired 
profiles  were  closely  simulated,  indicating  that  the  flow  control  screen  and  swirl  vanes  performed 
as  expected.  The  small  (2  to  3 deg)  variance  of  air  angle  is  due  to  a slight  misalignment  of  swirl 
vane  stagger  angle  during  assembly.  Figure  95  presents  the  Mach  number  and  air  angle 
distributions  for  the  three  checkout  tests.  It  can  be  seen  that  the  air  angle  distribution  is  not 
significantly  affected  by  Mach  number  changes.  Therefore,  it  was  assumed  that  the  average  air 
angle  distribution,  shown  in  the  figure,  could  be  used  for  all  performance  runs. 

3.  EGV  No.  1 Performance  Test  Results 


The  design  of  EGV  No.  1 was  discussed  in  Section  II. A.  Inspection  of  the  finished  airfoils 
was  discussed  in  Section  II. B.  The  effects  of  measured  station  2 air  angle  and  inspected  EGV  inlet 
metal  angle  are  shown  in  Figure  96  as  spanwise  incidence  distribution.  It  can  be  seen  that 
incidence  varies  from  0 to  3.6  deg  higher  than  design.  The  maximum  variance  occurs  at  the  G 
root  location,  where  actual  incidence  is  +2.4  deg,  instead  of  - 1.2  deg.  This  should  be  well  within 
the  loss  bucket  of  these  airfoils  and  is  in  the  direction  to  increase  choke  margin  in  the  high  Mach 
number  root  region.  The  goal  for  Phase  II  was  to  diffuse  the  flow  to  an  exit  Mach  number  of  0.4 
at  design  inlet  conditions  with  less  than  2ci  total  pressure  loss.  Figure  97  presents  the  critical 
performance  for  EGV  No.  1 to  show  that  this  performance  goal  was  exceeded.  Examination  of 
Figure  97  shows  that  the  flow  was  diffused  to  an  exit  Mach  number  less  than  0.4  at  the  design 
inlet  Mach  number  by  passing  through  t he  EGV  cascade  alone  ( i .e. , additional  diffusion  provided 
by  the  downstream  diffuser  was  not  necessary  to  achieve  the  0.4  exit  Mach  number  goal). 
However,  by  including  the  downstream  diffuser,  it  was  possible  to  increase  inlet  Mach  number  to 
0.825  and  still  achieve  an  exit  Mach  number  of  0.4.  Total  pressure  loss  from  the  EGV  inlet  to  the 
EGV  exit  was  below  2%  until  the  inlet  Mach  number  reached  0.78.  At  the  design  inlet  Mach 
number  total  pressure  loss  for  the  EGV  alone  was  only  1.2%  (significantly  better  than  the  2G 
goal).  It  can  be  seen  that  the  exit  air  angle  was  only  about  2 to  4 deg  away  from  the  axial  direction 
(axial  is  90  deg).  The  downstream  diffuser  further  straightened  the  flow  approximately  1 deg  for 
the  EGV  No.  1 configuration. 

4.  EGV  No.  2 Performance  Teat  Results 

The  design  of  EGV  No.  2 was  identical  to  EGV  No.  1 between  30G  and  80ri  span.  Near  the 
endwalls  the  airfoil  leading  edge  was  cutback;  the  trailing  edge  was  uncambered;  and  a fillet  was 
added  between  the  endwall  and  the  pressure  surface,  extending  downstream  of  the  trailing  edge. 
The  design  of  this  model  is  discussed  in  Section  II. A.  The  spanwise  incidence  distribution  for 
EGV  No.  2 is  the  same  as  for  EGV  No.  1 and  is  shown  in  Figure  96. 
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Figure  93.  Comparison  of  EGV  Inlet  Spanwise  Total  I*ressure  Distributions. 

Measured  by  the  Wake  Rake  and  Radial-Circumferential  Traverse 
Probe  at  Design  Conditions 
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Figure  94.  Annular  Cascade  Checkout  Test,  Spanwise  Mach  Number,  and  Air 
Angle  Distribution  at  Design  Conditions 
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Figure  97.  Annular  Cascade  Average  Performance  Data  Referenced  to  Max 
imum  Inlet  Mach  Number  (EGV  No.  I) 
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The  modifications  applied  to  EGV  No.  2 redistributed  the  flow  area  and  altered  the  airfoil 
near  the  endwalls  to  improve  diffusion  performance  and  reduce  secondary  losses.  Figure  98 
summarizes  the  performance  characteristics  of  EGV  No.  2.  It  can  be  seen  that  an  inlet  Mach 
number  of  nearly  0.75  (well  above  design)  could  be  tolerated  and  still  achieve  diffusion  to  an  exit 
Mach  number  of  0.4  with  the  modified  EGV  cascade  alone.  By  including  the  downstream 
diffuser,  inlet  Mach  number  can  be  increased  above  0.9  and  satisfy  the  diffusion  goal.  The  exit 
air  angle  was  within  2 deg  of  axial  with  no  variation  between  the  EGV  exit  and  the  difuser  exit. 
However,  it  was  determined  that  total  pressure  loss  was  increased  by  the  modifications  applied 
to  EGV  No.  2.  The  higher  loss  is  attributed  to  separation  along  the  airfoil  trailing  edge,  triggered 
by  separation  on  the  endwall  fillets. 

5.  Performance  Comparison 

Predicted  and  measured  performance  at  design  inlet  conditions  are  compared  in  Table  16. 
The  comparison  was  made  in  three  ways:  across  the  EGV  cascade  alone  (station  2 to  3);  across 
the  downstream  diffuser  alone  (station  3 to  4):  and  across  the  cascade  and  diffuser  combination 
(station  2 to  4).  Predicted  performance  was  based  on  Phase  1 plane  cascade  data. 


TABLE  16 

COMPARISON  OF  PREDICTED  AND  MEAS- 
URED PERFORMANCE  AT  DESIGN  CONDI- 
TIONS (M,  = 0.695) 


Performance  Measured 


Parameter 

Prediction 

EGV  No.  1 

EG  V No. 

EGV  Alone  (Station  2-3) 

( A P t/P  T ) 2 - 3 

2.29% 

1.20*7 

2.40% 

Ma 

0.380 

0.395 

0.374 

UPs/Pt-Ps)2 

0.354 

0.362 

0.376 

Vd 

0.715 

0.733 

0.749 

Downstream  Diffuser  Alone  ( Station  3-4) 

( A P t/P  T )#  - 4 

0.068*7) 

0.87% 

0.92% 

M4 

0.313 

0.344 

0.300 

(APs/Pt-Ps), 

0.300 

0.140 

0.134 

Id 

0.975 

0.596 

0.628 

Combined  System  (Station  2-4) 

( AP  t/P  t^2  - 4 

2.36*7 

2.30% 

3.20% 

M. 

0.313 

0.344 

0.300 

(APs/Pt“Ps)2 

0.455 

, J 0-449 

0.447 

Vd 

0.917 

* q.723 

0.716 

It  will  be  noted  that  across  the  cascade  alone  (station  2-3)  EGV  No.  1 provided  superior 
diffusion  efficiency  with  approximately  one-half  of  the  predicted  total  pressure  loss.  The  high 
performance  can  be  traced  to  low  endwall  loss.  This  is  clearly  shown  in  Figure  99,  where  spanwise 
loss  distributions  are  compared  with  a prediction,  based  on  Phase  I plane  cascade  data.  This 
effect  is  attributed  to  the  relatively  high  aspect  ratio  (AR-2.4)  of  the  Phase  II  design  compared 
to  the  Phase  I design  (AR=1.0).  The  slightly  higher  Mach  number  measured  at  the  EGV  exit  is 
due  to  higher  available  total  pressure. 
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Figure  99.  Comparison  of  Spanwise  Distribution  of  Total  Pressure  Loss  and 
Exit  Air  Angle  (Mam,x  = 0.695) 
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The  geometric  modifications  incorporated  in  EGV  No.  2 resulted  in  improved  diffusion 
performance  (higher  static  pressure  rise  coefficient  and  diffusion  efficiency).  However,  total 
pressure  loss  increased.  Examination  of  the  flow  visualization  photographs  shown  in  Figure  HX) 
reveals  that  the  EGV  No.  2 had  a region  of  separated  flow  near  the  trailing  edge  across  the  entire 
span  (not  observed  with  EGV  No.  1).  This  verifies  the  generally  uniform  increase  of  spanwise  loss 
distribution  shown  in  Figure  99.  The  higher  loss  is  attributed  to  separation  along  the  airfoil 
trailing  edge  triggered  by  separation  on  the  endwall  fillets.  It  appears  that  the  closure  rate 
(abruptness)  of  the  endwall  fillets  should  be  more  gradual  to  avoid  this  separation. 

Table  16  shows  that  the  downstream  diffuser  did  provide  a significant  amount  of  additional 
diffusion.  However,  the  overall  performance  of  this  diffuser  was  not  as  high  as  predicted.  The 
lower  performance  is  attributed  to  the  presence  of  inlet  turning  vane  wakes,  which  were  clearly 
evident  at  stations  2,  3,  and  4.  as  shown  in  the  isobar  plots  of  Figure  101 . At  station  4,  it  was  very 
difficult  to  identify  individual  EGV  wakes  because  of  spreading  by  the  turning  vane  wakes. 
However,  it  should  be  noted  that  no  endwall  separation  was  observed  during  any  of  the  tests  with 
this  annular  diffuser.  And,  it  can  be  expected  that  the  absence  of  the  growing  pressure  loss  and 
blockage  from  these  wakes  in  a real  engine  would  improve  performance  throughout  the  EGV 
diffuser  system. 

The  system  on  which  the  Phase  II  models  were  designed  is  based  on  a correlation  of 
compressor  and  Phase  I cascade  data.  The  correlation  relates  the  cascade  equivalent  conical 
angle  (dpq)  and  equivalent  area  ratio  (Aj/Aj),,,  with  diffusion  efficiency  (?jD)  as  presented  in 
Section  II. A.  The  Phase  II  data  (for  the  cascade  alone,  station  2-3)  was  superimposed  on  the 
equivalent  conical  angle  correlation  plot  in  Figure  102.  It  can  be  seen  that,  at  design  inlet 
conditions,  diffusion  efficiency  exceeded  the  predicted  level.  A value  for  0,.q,  0.5  deg  less  than 
design  was  actually  measured  because  of  small  differences  in  the  measured  metal  angle  and  inlet 
conditions.  The  Phase  II  data  fit  the  correlation  well  except  for  the  low  Mach  number  tests,  which 
appear  to  be  about  10%  low  in  j?d.  It  can  be  seen  that  the  modified  configuration  (EGV  No.  2)  had 
higher  efficiency  at  each  test  condition. 

D.  SUMMARY  — PHASE  II 

Performance  of  the  unmodified  non-series  high  aspect  ratio  airfoil  (EGV  No.  1)  met  or 
exceeded  the  design  performance  goals  (total  pressure  loss  less  than  2%  while  diffusing  to  an  exit 
Mach  number  less  than  0.4).  Across  the  airfoil  cascade  (stations  2-3),  the  loss  was  1.2%  and  the 
exit  Mach  number  was  0.395.  For  the  combined  airfoil  and  downstream  diffuser  (stations  2-4),  the 
loss  was  2.36  , and  the  exit  Mach  number  was  0.34. 

Performance  results  for  the  modified  airfoil  (EGV  No.  2),  showed  an  increase  in  diffusion 
and  total  pressure  loss  relative  to  EGV  No.  1 with  approximately  a two  degree  improvement  in 
gas  turning.  The  airfoil  exit  Mach  number  decreased  from  0.395  to  0.375;  however,  the  total 
pressure  loss  increased  from  1.2%  to  2.3%.  The  spanwise  average  exit  air  angle  decreased 
(increased  gas  turning)  from  94.0  deg  to  91.5  deg.  The  higher  total  pressure  loss  is  attributed  to 
separation  along  the  airfoil  trailing  edge  triggered  by  separation  on  the  endwall  protrusions. 

The  Phase  II  annular  cascade  data  correlated  well  at  the  design  Mach  number  using  the 
equivalent  conical  angle  (0eq)  correlation  system  developed  in  Phase  I of  the  program.  The  Phase 
II  annular  cascade  results  provide  excellent  substantiation  to  the  correlation  system.  The 
correlation,  although  based  on  plane  cascade  data,  ran  be  applied  directly  to  annular  cascade 
designs.  The  off-design  point  performance  correlation  was  not  as  good  as  the  design  point 
correlation.  These  differences  may  require  minor  modifications  to  the  correlation  once  additional 
data  becomes  available. 
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Boundary • Layer  Streamline  Patterns  from  Annular  Cascade  Tests 
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Equivalent  Conical  Angle  Correlation  of  Diffusing  Cascade  Data 


SECTION  III 

PHASE  III  — SUPPLEMENTARY  ANNULAR  CASCADE  TESTING 


The  Phase  III  objective  was  to:  (1)  evaluate  the  airfoil  and  endwall  modifications 
incorporated  into  the  design  of  EGV  No.  2 (Phase  II,  Section  II,  Figure  82),  and  (2)  define  the 
baseline  performance  level  of  an  equivalent  state-of-the-art  series  airfoil.  Four  annular  cascade 
tests  were  conducted  during  this  phase.  Separate  tests  were  made  to  evaluate  the  cutback  leading 
edge,  uncambered  trailing  edge  and  endwall  protrusion.  The  final  test  was  a test  of  a 65-series 
circular  arc  meanline  airfoil.  In  each  test,  the  facility  setup,  test  and  data  reduction  procedures 
were  identical  to  those  used  in  Phase  II. 

A.  EFFECT  OF  LEADING  EDGE  CUTBACK 

The  leading  edge  cutback  was  evaluated  by  testing  the  basic  non-series  airfoil  (EGV  No.  1) 
modified  to  a cutback  configuration,  EGV  No.  1-1.  The  leading  edge  cutback  was  identical  to  that 
incorporated  into  EGV  No.  2. 

Comparison  of  the  EGV  No.  1 and  EGV  No.  1-1  test  results  define  the  effects  of  the  leading 
edge  cutback.  1 able  17  presents  a summary  of  the  design  point  performance  parameters. 


TABLE  17 

COMPARISON  OF  EGV  NO.  1 AND  NO.  1-1  PERFORMANCE 

Configuration Description A PT/Pr  ^PJQ  8(1  AS 

EGV  No.  1 Basic  Design  0.0118  0.361  31.4 

EGV  No.  1-1  Basic  With  Cutback  LE  0.0221  0.331  31.2 


The  leading  edge  cutback  increased  the  total  pressure  loss  and  decreased  the  static  pressure  rise. 
The  gas  turning  decreased  slightly. 

Figure  103  presents  the  design  point  spanwise  plots  of  total  pressure  loss  and  exit  air  angle 
for  EGV  No.  1 and  No.  1-1.  The  total  pressure  loss  for  the  cutback  airfoil  (EGV  No.  1-1 ) increased 
over  most  of  the  span.  The  exit  air  angle  distribution  showed  no  significant  changes. 

The  static  pressure  rise  coefficients  and  spanwise  average  exit  air  angles  are  presented  vs 
inlet  Mach  number  in  Figure  104  for  both  airfoils.  The  cutback  airfoil  (EGV  No.  1-1)  shows  a 
reduction  in  pressure  rise  and  a decrease  in  turning.  Figure  105  presents  the  average  total  pressure 
loss  vs  inlet  Mach  number.  The  airfoil  loss  (stations  2-3)  for  the  cutback  configuration  is  greater 
at  all  inlet  Mach  numbers  above  0.32.  Across  the  airfoil  and  diffuser  (stations  2-4)  the  loss  is 
greater  for  Mach  numbers  above  0.44. 

B.  EFFECT  OF  ENDWALL  PROTRUSIONS 

EGV  No.  2 was  modified  twice  to  evaluate  the  effects  of  the  endwall  protrusions.  The  first 
modification,  EGV  No.  2-1,  reduced  the  endwall  protrusion  maximum  cross-sectional  area  by 
one-half.  The  second  modification,  EGV  No.  2-2,  removed  the  endwall  protrusion  completely. 
EGV  No.  2-2  had  only  the  cutback  leading  edge  and  uncambered  trailing  edge.  Comparing  EGV 


Figure  Ilk 5.  Effect  of  Leading  Edge  Cutback,  Total  Pressure  Loss  us  Average 

Inlet  Mach  Number 


t 


No.  2 with  EGV  No.  2-2  shows  the  relative  effect  of  adding  full  size  protrusions.  Comparing  EGV 
No.  2-1  with  EGV  No.  2-2  shows  the  relative  effect  of  adding  reduced  size  protrusions.  In  both 
cases,  endwall  protrusions  decreased  the  total  pressure  loss  and  increased  the  static  pressure  rise 
and  gas  turning  as  shown  in  Table  18. 


TABLE  18 

COMPARISON  OF  EGV  NOS.  2,  2-1,  and  2-2  PERFORMANCE 


Configuration 

Description 

APr/Pr 

APJQ 

0GAS 

EGV  No.  2 

Original  Modified 

Design  Cutback  LE, 
Uncambered  TE,  Full 
Protrusion 

0.0237 

0.375 

33.9 

EGV  No.  2-1 

Cutback  LE,  Un- 
cambered TE,  Reduced 
Protrusion 

0.0162 

0.379 

32.6 

EGV  No.  2-2 

Cutback  LE,  Un- 
cambered TE,  No 
Protrusion 

0.0242 

0.337 

31.0 

159 


Relative  to  the  cutback-uncambered  airfoil  (EGV  No.  2-2)  the  addition  of  the  reduced  size 
endwall  protrusions  lowered  the  total  pressure  loss  0.8°;.  Addition  of  full  size  protrusions  (EGV 
No.  2)  lowered  the  total  pressure  loss  only  0.05  percent. 

Figure  106  shows  the  spanwise  plots  of  total  pressure  loss  and  exit  air  angle  for  EGV  No.  2, 
EGV  No.  2-1,  and  EGV  No.  2-2.  The  total  pressure  loss  for  EGV  No.  2 and  EGV  No.  2-2  is 
generally  the  same  across  the  span.  For  EGV  No.  2-1,  however,  a reduction  in  loss  is  evident 
at  all  span  locations.  The  addition  of  the  endwall  protrusion  (EGV  No.  2-2  to  EGV  No.  2-1) 
reduced  the  total  pressure  loss  but  continued  addition  of  the  protrusions  (EGV  No.  2-1  to  EGV 
No.  2)  increased  the  loss.  This  indicates  that  an  optimum  endwall  protrusion  may  exist. 

The  exit  air  angle  plots  (Figure  106)  show  that  endwall  protrusions  improved  the  gas  turning 
in  both  cases.  The  full  protrusion  design  (EGV  No.  2)  provided  the  most  uniform  spanwise 
distribution  of  turning. 

Figure  107  gives  the  static  pressure  rise  coefficient  vs  Mach  number  for  each  airfoil.  Across 
the  EGV  (stations  2-3),  the  airfoils  with  the  endwall  protrusions  EGV  No.  2 and  EGV  No.  2-1, 
show  improved  performance.  The  performance  across  the  vane  and  diffuser,  stations  2-4,  showed 
about  the  same  performance  in  each  case.  The  spanwise  average  exit  angle  vs  Mach  number  for 
each  configuration  is  also  shown  in  Figure  107. 

The  average  total  pressure  loss  vs  Mach  number  is  given  in  Figure  108.  The  trend  of 
improved  performance  for  EGV  No.  2-1  is  evident  at  all  Mach  numbers  for  both  stations  2-3  and 
stations  2-4. 

C.  EFFECT  OF  ROOT  AND  TIP  SECTION  UNCAMBERING 

Comparison  of  EGV  No.  1-1  with  EGV  No.  2-2  shows  the  relative  effect  of  the  root  and  tip 
section  uncambering.  In  both  cases  the  airfoils  had  cutback  leading  edges.  The  uncambered 
airfoil  (EGV  No.  2-2)  shows  an  increase  in  total  pressure  loss,  a decrease  in  gas  turning,  and  a 
slight  increase  in  the  static  pressure  rise.  Average  design  point  performance  parameters  are 
presented  in  Table  19. 


TABLE  19 

COMPARISON  OF  EGV  NOS.  1-1  AND  2-2  PERFORMANCE 


Configuration 

Description 

A P-r/P-r 

A/VQ 

8GAS 

EGV  No.  1-1 

Basic  Airfoil  With 
Cutback  LE 

0.0221 

0.331 

31.2 

EGV  No.  2-2 

Cutback  Leading  Edge 
Uncambered  TE 

0.0242 

0.337 

31.0 

The  spanwise  plots  of  the  total  pressure  loss  and  exit  air  angle  are  given  in  Figure  109  for 
EGV  No.  1-1  and  EGV  No.  2-2.  The  uncambered  airfoil  (EGV'  No.  2-2)  shows  a significant 
increase  in  loss  over  the  first  20r;  of  the  span.  The  spanwise  exit  air  angle  for  EGV'  No.  2-2  showed 
an  increase  at  both  the  root  and  tip  sections  while  the  midspan  air  angles  agreed  within  one 
degree. 
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Figure  106.  Effect  of  Endwall  Protrusions,  Total  Pressure  Loss  and  Exit  Air 
Angle  vs  Percent  Span 
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Figure  108.  Effect  of  Endwall  Protrusions,  Total  Pressure  Loss  vs  Average  Inlet 
Mach  Number 
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Figure  109.  Effect  of  Uncambered  Trailing  Edge,  Total  Treasure  Loss  and  Exit 
Air  Angle  vs  Percent  Span 


Figure  110  gives  the  static  pressure  rise  coefficient  for  the  two  airfoils.  Across  the  exit  guide 
vanes  (stations  2-3),  little  or  no  change  was  evident,  but  for  the  combined  FXiV  and  downstream 
diffuser  (stations  2-4),  a slight  increase  was  evident  for  EGV  No.  2-2.  Also  shown  in  Figure  1 10  is 
the  average  exit  air  angle  vs  Mad  number  for  each  airfoil. 
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Figure  110.  Effect  of  Uncambered  Trailing  Edge.  Exit  Air  Angle  and  Static 
Fb-essure  us  Average  Inlet  Mach  Number 
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Figure  111.  Effect  of  Uncambered  Trailing  Edge,  Total  Pressure  Loss  vs 
Average  Inlet  Mach  Number 
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Table  20  summarizes  the  Phase  II  EGV  airfoil  configurations  and  the  modified  configura- 
tions tested  in  Phase  III.  Presented  in  Table  21  are  the  design  point  (average  Mach  number 
0.539)  and  the  high  Mach  number  (average  Mach  number  = 0.7)  performance  gains  and  losses  for 
the  various  airfoil  modifications  tested.  Comparison  of  the  design  point  and  high  Mach  number 
data  shows  that  the  trends  are  consistent  with  Mach  number.  Table  22  presents  a summary  of  the 
measured  performance  of  each  EGV'  configuration  at  the  various  test  points  recorded. 


TABLE  20 

EXIT  GUIDE  VANE  CONFIGURATIONS 


Configuration 
EGV  No.  1 
EGV  No.  1-1 

EGV  No.  2 


EGV  No.  2-1 


EGV  No.  2-2 


Description 

Basic  Airfoil  Design 

Basic  Airfoil  Design  (EGV'  No.  1 ) with  a cutback 
leading  edge. 

Original  Modified  Airfoil  Design,  basic  airfoil 
design  (EGV  No.  1)  but  with  cutback  leading 
edge,  uncambered  trailing  edge  and  endwall 
protrusions. 

Modified  Airfoil  (EGV  No.  2)  with  50r;  reduc- 
tion in  endwall  protrusion  size. 

Modified  Airfoil  (EGV'  No.  2)  with  no  prc- 
trusions  (i.e.,  cutback  leading  edge  — uncarn- 
bered  trailing  edge). 


TABLE  21 

EXIT  GLIDE  VANE  PERFORMANCE  SUMMARY 
Measured  Performance  Effects  of  Airfoil  Modifications 


Modification 

Total  Pressure  Loss 

( lPT/PT)2-3 * 

Diffusion 

(±PS/Q)2-3 

Gas  Turning 

"2-3 

Average  Mach  No. 

0.539 

0.700 

0.539 

0.700 

0.539 

0.74X1 

Leading  Edge  Cuthack 

+ 1.03*7 

+ 1.1*7 

-0.030 

-0.026 

-0.19' 

-1.15' 

Endwall  Pressure  Side 
Protrusions 

Full  Size 

-0.05*7 

-0.5*7 

+0.038 

+0.044 

+ 2.95' 

+ 2.8° 

Reduced  Size 

-0.8*7 

-1.7*7 

+0.042 

+ 0.025 

+ 1.56' 

+ 1.4° 

Trailing  Edge 
Uncambering 

+0.2197 

+0.35*7 

+0.006 

+ 0.004 

-0.23° 

-0.1° 

•Station  2 denotes  E(»V  Inlet 
Station  3 denotes  E(»V  Exit 
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0.  STATE-OF-THE-ART  SERIES  AIRFOIL  EVALUATION 


The  fourth  annular  cascade  test  conducted  in  Phase  III  was  a test  of  a state-of-the-art  series 
airfoil.  This  test  was  conducted  for  several  reasons.  First,  to  define  the  advanced  technology 
improvements  made  in  the  EGV  program,  a test  of  a “state-of-the-art”  series  airfoil  in  the  same 
EGV  test  facility  was  required.  Secondly,  the  boundary  layer  analysis  used  in  the  design  of  the 
non-series  airfoil  (EGV  No.  1),  predicted  that  separation  would  not  occur.  This  same  analysis 
predicted  early  separation  for  the  highly  loaded  series  airfoils.  The  series  airfoil  test  provides  a 
means  of  identifying  the  importance  of  individual  airfoil  performance  differences  to  the  design 
system. 

Six  candidate  series  airfoils  were  evaluated  in  terms  of  predicted  total  pressure  loss  and 
minimum  loss  incidence  range.  Table  23  presents  the  predicted  performance  for  each  series 
considered.  The  following  discussion  comparing  the  various  airfoils  is  based  on  the  data  presented 
in  this  table. 


TABLE  23 

SERIES  AIRFOIL  EVALUATION 
0M  = ^ 

Total  Pressure  Loss  APT/PT 


Series 

400  Series 

65  Series 

Circular  Arc 

65  Series 

C/A  Meanline 

63  Series 

Modified 
65  Series 

Section 

Root 

0.0075 

0.0119 

0.0111 

0.0123 

0.0125 

0.0121 

1 1 Root 

0.0069 

0.0061 

0.0076 

0.0059 

0.0066 

0.0061 

Mean 

0.0040 

0.0031 

0.0044 

0.0031 

0.0033 

0.0031 

1 1 Tip 

0.0023 

0.0017 

0.0027 

0.0017 

0.0018 

0.0017 

Tip 

0.0011 

0.0009 

0.0014 

0.0009 

0.0009 

0.0009 

Average 

0.0044 

0.0047 

0.0054 

0.0048 

0.0050 

0.0048 

Minimum  Loss  Range 

Range  - 

- 0L  at  dM  = 

dR  + dL 

2 

Root 

6.24 

8.87 

8.79 

7.33 

10.02 

9.04 

V«  Root 

10.89 

12.71 

11.52 

10.92 

11.28 

12.59 

Mean 

15.80 

13.67 

12.98 

13.68 

12.66 

13.55 

1 4 Tip 

17.90 

15.17 

14.39 

15.19 

14.42 

15.05 

Tip 

20,55 

17,72 

16,42 

17.72 

17.17 

17.60 

Average 

14.28 

13.63 

12.82 

12.86 

13.11 

13.59 

d R:  Maximum  angle  for  minimum  loss  — choke  direction 

(JL:  Minimum  angle  for  minimum  loss  — stall  direction 

dM:  Mid  range  angle 


The  400  series  airfoil  had  the  lowest  average  total  pressure  loss.  However,  it  was  not  selected 
for  the  test  airfoil  because  the  root  section  loss  (0.0075)  was  questionable.  Except  at  the  root 
section,  each  400  series  airfoil  section  indicated  higher  losses  relative  to  the  other  low  loss  series 
airfoils.  In  addition,  the  400  series  root  section  loss  was  considerably  lower  than  the  typical  (0.012) 
loss  indicated  for  the  other  airfoils.  Additional  analytical  design  work  would  have  been  required 
to  answer  the  questions  about  the  low  400-series  root  section  loss.  It  was  felt  that  this  work  was 
beyond  the  scope  of  the  contract  objectives.  In  addition,  the  average  400-series  loss  was  only 
slightly  less  than  that  of  the  65-series  airfoils.  The  400-series,  therefore,  was  not  selected  as  the 
test  airfoil. 

The  circular  arc  series  and  the  63-series  airfoils  had  the  highest  average  losses.  Therefore, 
they  were  not  selected  as  the  test  airfoil.  This  narrowed  the  selection  to  the  three  65-series  airfoils. 
These  airfoils  had  about  the  same  total  pressure  loss  and  minimum  loss  incidence  range.  Any  one 
of  the  65-series  airfoils  could  have  been  selected  as  the  test  airfoil.  The  65-series  circular-arc 
meanline  airfoil  was  selected  because  it  is  the  easiest  to  fabricate.  The  airfoil  curvature  for  this 
series  was  the  smoothest,  making  curve-line  fairing  between  sections  slightly  easier. 

Figure  112  presents  the  geometric  characteristics  for  the  65-series  circular  arc  airfoil.  The 
airfoil  gap/chord,  thickness/chord,  and  aspect  ratios  are  the  same  as  those  of  the  non-series 
design,  EGV  No.  1.  The  series  airfoil  maximum  thickness  and  axial  chord  were  also  kept  the 
same. 

The  series  airfoil  was  defined  at  five  radial  or  spanwise  locations.  The  five  airfoil  cross- 
sections  and  the  defining  coordinates  are  presented  in  Appendix  F. 

Figure  113  illustrates  the  differences  between  the  mean  sections  of  the  series  and  non-series 
airfoils.  The  series  airfoil  has  its  turning  and  maximum  thickness  at  the  leading  edge.  The  non- 
series airfoil  is  directly  opposite  with  the  turning  and  maximum  thickness  at  the  trailing  edge. 
This  difference  results  from  tailoring  the  non-series  airfoil  curvature  and  thickness  distribution  to 
reduce  suction  surface  diffusion.  Similar  comparisons  can  be  made  at  the  other  cross  sections  of 
the  two  airfoils. 

The  65  series  airfoil  sections  were  defined  with  an  inlet  metal  angle  which  was  midway  or 
mid-range  between  the  airfoil  choke  and  stall  inlet  angles.  The  choke  and  stall  inlet  angles  are 
defined  as  the  angles  where  the  total  pressure  loss  (APt/Pt)  is  0.022  higher  than  the  mid-range 
loss  value.  Figure  114A  presents  the  loss  vs  inlet  angle  curve  for  the  65  series  root  section. 
Although  not  presented,  similar  curves  can  be  generated  for  the  other  airfoil  sections.  Selecting 
the  mid-range  inlet  angle  permits  the  airfoil  to  operate  efficiently  at  off-design  gas  inlet 
conditions.  This  range  of  operation  is  equal  in  both  the  stall  and  choke  directions. 

An  alternative  to  selecting  the  mid-range  inlet  angle  is  to  select  the  inlet  angle  which  gives 
the  lowest  loss.  This  angle  is  defined  as  the  minimum  loss  inlet  angle.  Figure  114B  presents  the 
minimum  loss  curve  for  a 65-series  circular  arc  meanline  root  section.  As  shown,  the  minimum 
loss  inlet  angle  does  not  provide  equal  margins  between  choke  and  stall.  In  Figure  1 14B.  the  choke 
and  stall  angles  are  defined  at  the  angles  where  the  loss  is  0.022  higher  than  the  minimum  loss 
value. 
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hgure  113.  Mean  Section  Comparison,  Series  vs  Non-series  Airfoil 
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Figure  114.  Mid  Range  Loss  and  Minimum  Loss  vs  Inlet  Angle,  Root  Section 


Table  24  presents  a summary  of  the  minimum  loss  and  mid-range  performance  predictions 
for  each  section  of  the  65-series  airfoil.  Because  of  the  small  choke  margin  (dH— /8mm)  for  the 
minimum  loss  root  section,  the  65-series  airfoil  was  designed  with  the  mid-range  inlet  angles. 
Except  for  the  root  and  mean,  each  section  showed  the  same  loss  at  both  the  mid-range  and 
minimum  loss  inlet  angles.  At  the  root,  the  selection  of  the  mid-range  angle  resulted  in  an 
increased  loss  of  0.15%.  The  mean  section  loss  increased  0.01%. 

As  shown  in  Table  24,  selection  of  the  mid-range  inlet  angle  increases  the  root  section 
incidence  from  3.68  degrees  to  + 10.19  degrees.  Although  the  +10.19  degrees  of  incidence  is  higher 
than  normal,  it  is  acceptable  since  the  actual  area  to  choke  area  ratio  for  the  series  airfoil  is  about 
the  same  as  that  of  the  non-series  airfoil,  1.092  vs  1.095  respectively.  Table  25  presents  a summary 
of  the  area  ratios  and  additional  geometric  properties  for  the  series  and  non-series  airfoils. 


TABLE  24 

65  SERIES/CIRCULAR  ARC  MEANLINE 
PERFORMANCE  COMPARISON  AT 
MINIMUM  LOSS  AND  MID-RANGE 

At  Minimum  Loss 


Section 

dR-dMin 

SL-OMin 

APT/PT 

i 

Root 

1.02 

6.38 

0.0115 

+3.68 

U Root 

6.28 

4.92 

0.0059 

-<-0.84 

Mean 

8.51 

5.70 

0.0030 

-0.98 

1 4 Tip 

8.50 

7.01 

0.0017 

-2.25 

Tip 

9.03 

8.82 

0.0009 

-2.38 

At  Mid-Range  dmo  = 

dR  - di 
2 

— 

dR-fiMid 

dL-dMid 

APT/PT 

i 

Root 

4.33 

4.33 

0.0130 

+ 10.19 

1 4 Root 

5.47 

5.47 

0.0059 

+ 0.14 

Mean 

6.81 

6.81 

0.0031 

- 2.98 

•/»  Tip 

7.63 

7.63 

0.0017 

- 2.95 

Tip 

8.90 

8.90 

0.0009 

- 2.69 

dR:  Maximum  angle  for  minimum  loss  — choke 

direction 

dL:  Minimum  angle  for  minimum  loss  — stall 

direction 

dMin:  Minimum  loss  angle 
dMid:  Mid-range  angle 
i:  Incidence  diun.i  - d(;„» 
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TABLE  25 

COMPARISON  OF  SELECTED  SERIES  AIRFOIL  AND  NON-SERIES  AIRFOIL 


Series  Airfoil 

(Full  size,  scale  by  0 59  for  rig  sue) 


Section 

ft* 

ft* 

#* 

B 

t/B 

t/B 

AR 

t 

KA/\C 

LER 

TER 

H/L 

■50, 

50, 

Root 

63.95 

95.68 

31.73 

2.639 

0.406 

0.070 

+ 10.19 

1.092 

0.017 

0.017 

-0.1796 

83.31 

6.89 

Root 

48.74 

98.72 

49.98 

2.70 

0.476 

0.068 

+ 

0.14 

1.142 

0.017 

0.017 

-0.2918 

77.12 

6.37 

Mean 

47.12 

99.82 

52  70 

2.707 

0.56 

0.068 

2.38 

- 

2.98 

1.262 

0.017 

0.017 

-0.2968 

75.98 

6.15 

■/«  Tip 

51.05 

99.77 

48.72 

2.683 

0.639 

0.069 

- 

2.95 

1.440 

0.017 

0.017 

-0.2603 

77.63 

6.34 

Tip 

58.51 

98.60 

40.09 

2.65 

0.728 

0.070 

2.69 

1.754 

0.017 

0.017 

-0.2024 

82.07 

6.47 

Nonseries  Airfoil 

(Full  size,  scale  by  0.59  for  rig  size) 

Root 

55.68 

96.5 

40.82 

2.671 

0.401 

0.069 

+ 

1.92 

1.095 

0.017 

0.017 

-0.275 

5.0 

18.0 

l 4 Root 

47.18 

98.0 

50.82 

2.717 

0.473 

0.068 

- 

1.42 

1.159 

0.017 

0.017 

-0.310 

3.0 

15.0 

Mean 

47.10 

98.5 

51.40 

2.717 

0.552 

0.068 

2.37 

- 

2.99 

1.291 

0.017 

0.017 

-0.310 

2.0 

14.0 

1 < Tip 

50.55 

98.5 

47.95 

2.689 

0.638 

0.069 

- 

3.45 

1.462 

0.017 

0.017 

-0.270 

3.0 

13.5 

Tip 

58.52 

96.8 

38.28 

2.627 

0.735 

0.070 

- 

2.68 

1.789 

0.017 

0.017 

-0.200 

4.0 

16.0 

Figures  115  through  119  present  the  predicted  surface  pressure  distributions  and  boundary 
layer  skin  friction  coefficients  for  both  the  65-series  airfoil  and  the  non-series  airfoil,  EGV  No.  1. 
Comparing  pressure  distributions  at  each  airfoil  section  shows  the  non-series  airfoil  reduced 
suction  surface  rate  of  diffusion.  The  non-series  airfoil  pressure  surface  rate  of  diffusion  is  also 
reduced.  Comparing  skin  friction  coefficients,  the  series  airfoil  root  and  tip  sections  separate  near 
the  leading  edge:  the  1 < root  and  Vs  tip  sections  separate  about  midway  along  the  suction  surface. 
The  series  airfoil  mean  section  did  not  separate  but  the  coefficient  of  friction  (Cr)  did  approach 
zero  at  a surface  distance  of  0.85  in.  Separation  is  assumed  to  occur  when  the  friction  coefficient 
equals  zero.  The  non-series  airfoil,  except  for  the  tip  section,  separates  at  or  near  the  trailing  edge. 
The  tip  section  separates  at  a surface  distance  of  0.7  in.,  midway  along  the  suction  surface. 


Based  on  the  performance  of  the  other  sections  of  the  non-series  airfoil,  the  tip  section  was 
not  expected  to  separate.  However,  the  Reynolds  number  for  the  tip  section  is  the  lowest  across 
the  span  and  could  have  caused  the  predicted  separation.  The  tip  section  Reynolds  number  is 
approximately  one-half  that  of  the  root  section,  154,000  vs  275,000. 

The  free  stream  turbulence  used  in  the  boundary  layer  analysis  was  set  at  4%,  which  is 
typical  of  engine  turbulence  levels.  Based  on  the  size  of  the  rig  inlet  distortion  screen,  the  rig 
turbulence  is  estimated  to  be  3.8  percent. 
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Figure  116 


Series  and  Non-series  Airfoil  ' ■>  Root  Section  Surface  Pressure 
Distributions  and  Skin  Friction  Coefficients 
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Figure  117. 


Series  and  Non-series  Airfoil  Mean  Section  Surface  Pressure 
Distribution.,  and  Skin  Friction  Coefficients 
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Figure  119. 


Series  and  Non-series  Airfoil  Tip  Section  Surface  Pressure  Dis 
tributions  and  Skin  Friction  Coefficients 
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E.  SERIES  AIRFOIL  TEST  RESULTS 


The  series  airfoil  annular  cascade  test  results  are  presented  in  the  following  section.  The 
Phase  II  non-series  airfoil  (EGV  No.  1)  test  results  (previously  presented  in  Section  II)  are  also 
presented  in  this  section.  By  presenting  the  series  and  non-series  airfoil  test  results  together,  a 
direct  comparison  can  be  made  between  the  two  airfoils. 

Figure  120  presents  the  total  pressure  loss  vs  average  inlet  Mach  number  for  both  airfoils. 
Across  the  airfoil  row  (stations  2-3),  the  non-series  airfoil  has  lower  total  pressure  loss  at  all  inlet 
Mach  numbers.  Across  the  combined  airfoil  and  downstream  diffuser  system  (stations  2-4),  the 
non-series  airfoil  again  has  lower  loss.  In  both  cases,  the  loss  at  the  design  point  is  1.0‘;  lower  for 
the  non-series  e.irfoil. 

In  Figure  121,  the  static  pressure  rise  coefficients  are  presented  for  each  airfoil.  At  all  inlet 
Mach  numbers  the  non-series  airfoil  has  the  higher  static  pressure  rise  across  the  airfoil  row, 
stations  2-3.  Between  stations  2-4,  the  non-series  airfoil  pressure  rise  is  higher  for  Mach  numbers 
greater  than  0.4.  At  the  design  point,  the  station  3 pressure  rise  is  0.015  higher  and  the  station  4 
pressure  rise  is  0.016  higher. 

Also  shown  in  Figure  121  is  the  average  exit  air  angle  vs  inlet  Mach  number  for  the  two 
airfoils.  At  all  Mach  numbers  the  non-series  airfoil  has  about  three  degrees  of  underturning  while 
the  series  airfoil  has  about  three  degrees  of  overturning. 

Figure  122  presents  the  spanwise  profiles  of  total  pressure  loss  and  exit  air  angle  for  the  two 
airfoils.  Comparing  the  loss  profiles,  the  series  airfoil  shows  higher  loss  at  all  span  locations  except 
between  the  30-35  precent  span  locations.  Comparing  the  exit  air  angle  profiles,  the  underturning 
and  overturning  characteristics  of  each  airfoil  are  evident  at  all  span  locations.  Both  airfoils  have 
decreased  turning  near  the  endwalls. 

Presented  in  Figure  123  are  the  diffusion  efficiencies  for  the  two  airfoils.  Except  for  the  low 
Mach  number  points,  the  non-series  airfoil  has  higher  diffusion  efficiencies.  At  the  design  point, 
the  non-series  airfoil  efficiency  is  3.6%  higher  between  stations  2-3  and  2.2%  higher  between 
stations  2-4. 

Figure  124  and  125  present  the  measured  % root  and  mean  section  pressure  distributions. 
At  all  Mach  numbers,  the  tangential  loading  is  less  for  the  non-series  airfoil.  The  reduced  loading 
is  attributed  to  the  difference  in  gas  turning  between  the  two  airfoils. 

Presented  in  Figure  126  for  the  •/<  root  and  mean  sections  is  the  average  static  pressure  rise 
vs  local  maximum  suction  surface  pressure  rise  or  diffusion  (AP/Q).  Both  airfoil  sections  show 
that  for  a given  average  pressure  rise,  the  non-series  airfoil  will  have  lower  suction  surface 
diffusion. 
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Figure  120.  Series  and  Non-series  EGV  Total  Pressure  Loss  vs  Inlet  Mach 
Number 
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Figure  125.  Series  and  Non-series  EGV  Mean  Section  Measurement  Pressure 
Distributions 
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Because  the  loading  on  the  series  airfoil  is  higher,  any  reduction  in  the  suction  surface 
diffusion  which  is  a result  of  the  difference  in  airfoil  designs  cannot  be  determined  directly  from 
the  data.  However,  analytical  predictions  indicate  that  the  design  goal  of  reduced  suction  surface 
diffusion  was  achieved  with  the  non-series  airfoil.  Table  26  presents  a summary’  of  the  predicted 
and  measured  suction  surface  diffusion  for  the  1 < root  sections  of  each  airfoil.  At  the  measured  rig 
test  conditions,  the  predicted  diffusion  is  higher  than  the  measured  diffusion  for  both  airfoils. 
However,  the  relative  decrease  in  diffusion  between  the  series  and  non-series  airfoils  shows  gix>d 
agreement  (-0.081  predicted  and  -0.070  measured).  This  indicates  that  the  absolute  levels 
predicted  should  be  lower.  Applying  this  reasoning  to  the  design  point  predictions,  the  decrease 
in  diffusion  predicted  for  the  non-series  airfoil  should  be  decreased  from  -0.062  to  -0.051. 


TABLE  26 

PREDICTED  AND  MEASURED  SUCTION  SURFACE  DIFFUSION  U ROOT  SECTION 


Rig  Test  Conditions 


Inlet  Mach  No. 


Predicted 
(Pa,  - P.  mlJQmaJ 


Measured 

(P »3  — Pa  min/ Q mat) 


Difference 


-0.062 


-0.051 


Figure  127  presents  the  average  sta.ic  pressure  rise  coefficients  vs  total  pressure  loss  for  the 
series  and  non-series  airfoils.  This  figure  shows  that  for  a given  pressure  rise,  the  non-series  airfoil 
will  have  a lower  loss. 


Series 

0.640 

0.697 

0.614 

-0.083 

Non-series 

0.629 

0.616 

0.544 

-0.072 

-0.081 

-0.070 

Design  Point  Conditions 

1 

Predicted 

Predicted  w/correction 

Inlet  Mach  No. 

(Pa  ~ Pa  min/QmmJ 

(Pas  — Pa  min/Qmuil 

Correction 

Series 

0.631 

0.749 

0.666 

-0.083 

Non-series 

0.631 

0.687 

0.615 

-0.072 

A lamp  black  and  oil  flow  visualization  study  was  made  on  the  series  airfoil  to  identify  any 
areas  ot  separation.  The  results  of  this  study  are  shown  in  Figure  128.  Except  for  an  isolated  area 
at  the  root  section,  the  airfoil  is  completely  separated.  From  the  U root  section  to  the  tip 
section,  the  separation  tends  to  move  forward  on  the  airfoil.  A similar  trend  is  shown  between  the 
'4  root  and  the  root  section.  These  results  agree  with  the  spanwise  loss  profile  shown  earlier  in 
Figure  122. 
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Figure  127.  Series  and  Non-series  EGV Average  Static  Pressure  Rise  vs  Total 
Pressure  Loss 


Table  27  presents  the  design  point  performance  summary  for  the  series  and  non-series 
airfoils.  The  non-series  airfoil  is  more  efficient  in  terms  of  increased  static  pressure  rise  with 
reduced  total  pressure  loss. 


TABLE  27 

DESIGN  POINT  PERFORMANCE  SUMMARY 


Parameter 


Series  Non-series 


Mach  No.  — Station  2 

Air  Angle  — Station  2 

Mach  No.  — Station  3 

Air  Angle  — Station  3 

Pressure  Rise  (PM  - PM/P„  - P>9) 

Pressure  Loss  (APt/Ptj)  2-3 

Mach  No.  — Station  4 

Air  Angle  — Station  4 

Pressure  Rise  (PM  - PM/Pt2  - P„a) 

Pressure  Loss  (AP,/Pta/Pta)  2-4 


0.539  0.539 

54.6  54.6 

0.384  0.397 

87.2  93.9 

0.343  0.357 

0.025  0.015 

0.327  0.342 

87.1  92.7 

0.432  0.448 

0.034  0.023 
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Figure  129  presents  the  predicted  effect  on  performance  of  the  6.7  degrees  difference  in  gas 
turning  hetween  the  two  airfoils.  Based  on  compressor  cascade  data,  the  difference  in  turning 
does  not  account  for  the  differences  in  performance.  Therefore,  the  differences  in  performance  can 
be  attributed  to  the  differences  in  the  airfoil  designs. 

Figures  130  and  131  present  the  predicted  and  measured  static  pressure  distributions  for  the 
non-series  and  series  EGV  designs.  In  Figure  130,  good  agreement  is  evident  at  both  airfoil 
sections  for  the  non-series  airfoil.  For  the  series  airfoil,  shown  in  Figure  131,  only  the  G root 
section  has  good  agreement.  The  poor  agreement  at  the  mean  section  is  attributed  to  airfoil 
separation. 

A comparison  of  the  predicted  and  measured  series  airfoil  separation  is  presented  in  Figure 
132.  In  the  midspan  region,  the  predicted  and  measured  separation  are  in  good  agreement. 
However,  the  agreement  decreases  towards  the  endwalls.  The  predicted  separation  was  based  on 
a two-dimensional  analysis  which  neglected  any  endwall  effects. 


F.  SUMMARY  — PHASE  III 

Both  the  uncambered  trailing  edge  and  cutback  leading  edge  modifications  included  in  the 
design  of  EGV  No.  2 resulted  in  a decrease  in  aerodynamic  performance.  Both  modifications 
increased  the  total  pressure  loss  and  decreased  the  gas  turning.  The  static  pressure  rise  decreased 
slightly  with  the  leading  edge  cutback  and  increased  slightly  with  the  uncambered  trailing  edge. 

The  endwall  modifications  (pressure  surface  protrusions)  resulted  in  improved  aerodynamic 
performance.  Compared  to  the  relatively  high  loss  cutback-uncambered  airfoil  (EGV  No.  2-2), 
addition  of  a reduced  size  and  a full-size  protrusion  decreased  the  total  pressure  loss  and 
increased  the  static  pressure  rise  and  gas  turning.  The  reduced  size  protrusion,  approximately 
one-half  the  size  of  the  full  protrusion,  resulted  in  the  largest  reduction  in  total  pressure  loss  and 
indicates  that  an  optimum  protrusion  size  exists. 

The  performance  comparison  made  between  the  65  series  EGV  airfoil  and  the  unmodified 
non-series  airfoil  (EGV  No.  1)  indicated  that,  relative  to  the  state-of-the-art  series  airfoil,  the 
non-series  airfoil  improved  performance,  decreasing  the  total  pressure  loss  (0.015  vs  0.025 
percent)  and  increasing  the  static  pressure  rise  (0.357  vs  0.343).  Flow  visualization  tests  made  on 
the  series  airfoil  indicated  that  the  high  total  pressure  loss  was  caused  by  flow  separation. 
Analytical  studies  made  to  evaluate  the  series  airfoils  (prior  to  the  testing)  predicted  the  flow 
separation.  The  non-series  airfoil,  specifically  designed  with  a reduced  suction  surface  rate  of 
diffusion,  as  predicted,  did  not  separate. 
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Figure  129.  Predicted  Effect  of  Gas  Turning  on  Performance 
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Figure  131.  65-Series  EGV  Predicted  and  Measured  Static  Pressure  Distribu 
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Figure  132.  65-Series  EGV  Series  Airfoil  Predicted/Measured  Suction  Surface 
Separation  Line 


SECTION  IV 

PHASE  IV  — PROGRAM  CRITIQUE 


Phase  IV  of  the  EGV  program  was  a critique  which  included:  (l)a  review  of  the  non-series 
EGV  design  system,  (2)  a design  study  of  the  advantages  and  disadvantages  of  low  and  high 
aspect  ratio  EGV’s,  (3)  a design  study  comparing  the  incidence  sensitivity  of  series  and  non-series 
EGV’s,  and  (4)  the  definition  of  state-of-the-art  technology  advancements  made  as  a result  of  the 
EGV  program. 

A.  NON-SERIES  EGV  DESIGN  SYSTEM  REVIEW 

The  Phase  I and  Phase  II  cascade  data  was  reviewed  in  order  to  update  and  improve  the 
non-series  EGV  design  system.  This  review  consisted  of  a comparison  of  measured  and  predicted 
(spanwise)  total  pressure  loss  and  gas  turning  data  to  identify  possible  design  system  corrections 
and  improvements. 

1.  Loss  Prediction  System  Improvement 

The  Phase  I 30-deg  and  40-deg  plane  cascade  total  pressure  loss  data  is  presented  in  Figure 
133  as  a function  of  gas  turning  and  Mach  number  for  six  different  percent  span  locations.  The 
loss  data,  presented  in  this  form,  can  be  used  to  predict  spanwise  loss  distributions  for  any  Mach 
number  and  gas  turning.  The  data,  however,  was  obtained  only  for  an  aspect  ratio  of  one.  In 
addition,  the  30-deg  cascade  was  tested  at  a gap/chord  ratio  of  0.77  and  the  40-deg  cascade  was 
tested  at  a gap/chord  ratio  of  0.39.  The  Phase  I 50-deg  cascade  data  is  not  presented  because  of 
incidence  variations  which  affected  the  test  results. 

To  predict  the  annular  cascade  spanwise  loss  using  the  loss  data  presented  in  Figure  133 
requires  that  gap'chord  variations  be  neglected  and  a correction  for  aspect  ratio  be  made.  The 
aspect  ratio  correction  can  be  made  by  first  defining  the  spanwise  locations  where  the  secondary 
loss  end'.  A secondary  flow  expansion  angle  is  used  to  define  the  secondary  loss  spanwise 
endpoints.  This  angle  is  illustrated  in  Figure  134.  Figure  135  shows  that  the  secondary  flow 
expansion  angle,  based  on  measured  Phase  I data,  expands  spanwise,  increasing  with  Mach 
number,  gas  turning  and  local  area  ratio  (H/H,).  Between  the  secondary  loss  spanwise  endpoints, 
the  loss  is  profile  loss  and  is  estimated  using  the  50rr  span  data  in  Figure  133. 

The  secondary  losses  are  estimated  by  defining  equivalent  span  locations  which  allow  the 
secondary  loss  data  presented  in  Figure  133  to  be  used.  The  equivalent  span  locations  for  the  high 
aspect  ratio  Phase  II  annular  cascade  airfoil  are  illustrated  in  Figure  136.  The  high  aspect  ratio 
secondary  loss  spanwise  endpoints  (by  percent  span)  are  aligned  parallel  to  the  low  aspect  ratio 
secondary  loss  endpoints.  The  equivalent  spanwise  locations  are  then  identified;  e.g.,  the  high 
aspect  ratio  20r;  span  location  becomes  equivalent  to  the  10r<  low  aspect  ratio  span  location.  The 
high  aspect  ratio  loss  is  estimated  using  its  equivalent  low  aspect  ratio  loss  correlation  (Figure 
133). 
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Figure  137.  EGV  No.  1 Predicted  and  Measured  Spanwise  Loss  Distributions 


2.  Deviation  Syatam  Improvement 


In  eac  h non-series  exit  gutd  /vane  test  conducted,  the  airfoil  gas  turning  was  less  than  the 
predicted  turning.  A summar>  of  y t design  and  measured  airfoil  deviation  (exit  gas  angle  exit 
metal  angle)  is  presented  in  Figi  138.  The  difference  between  measured  and  design  deviation 
increases  with  increasing  inlet  Mach  number  as  shown  in  Figure  139.  This  trend  indicates  that 
the  correction  (based  on  Mach  number)  shown  in  this  figure  should  be  made  to  the  design 
deviation  prediction  The  design  deviation  prediction  was  based  on  a version  of  “C arter’s  rule”  for 
series  airfoils  (Reference  7)  Carter's  rule,  based  on  series  airfoil  low  Mach  number  test  data, 
correlated  measured  deviation  with  airfoil  camber  and  gap/chord  ratios.  The  design  deviation 
prediction  is  presented  in  Appendix  H. 
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Non-series  EGV  Deviation  Correction  vs  Inlet  Mach  Number 


B.  LOW  ASPECT  RATIO  DESIGN  STUDY 


1.  Aerodynamic  Performance  Comparison 


Turbine  exit  guide  var.es  are  generally  required  to  accommodate  bearing  compartment 
support  rods  and  oil  lines.  To  meet  this  requirement,  thick,  long  chord,  low  aspect  ratio  guide 
vanes  are  used.  In  Phase  II  of  the  contract,  the  EGV  design  was  selected  without  considering  any 
of  the  mechanical  design  requirements.  The  Phase  II  design  (EGV  No.  1)  consisted  of  a high 
aspect  ratio  airfoil  followed  by  a downstream  diffuser. 

As  part  of  the  Phase  IV  critique,  a low  aspect  ratio  EGV  was  designed  for  the  purpose  of 
identifying  the  advantages  and  disadvantages  of  high  and  low  aspect  ratio  designs.  The  low 
aspect  ratio  EGV  is  equivalent  aerodvnamically  to  the  combined  high  aspect  ratio  EGV  and 
downstream  diffuser  system.  Schematics  of  both  designs  are  presented  in  Figure  140.  Normal 
mechanical  design  restrictions  were  imposed  on  the  low  aspect  ratio  design.  Non-series  design 
techniques  (pressure  distribution  and  boundary  layer  analysis)  were  used  to  design  the  low  aspect 
ratio  airfoil. 
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Figure  140.  High  and  Low  Aspect  Ratio  EGV  Schematics 
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Figure  141  summarizes,  for  the  high  and  low  aspect  ratio  designs,  the  number  of  airfoils 
required  for  varying  gap/chord  ratios.  In  Figure  142,  the  diffusion  factor  (DF)  and  predicted  total 
pressure  loss  (APt/Pt)  are  presented  versus  mean  gap/chord  ratio  for  both  airfoil  designs.  The  low 
aspect  ratio  EGV  total  pressure  loss  is  at  a minimum  for  gap/chord  ratios  between  0.4  and  0.7. 

The  high  aspect  ratio  EGV  total  pressure  loss  is  at  a minimum  between  the  0.5  and  1.0  gap/chord 
ratios.  In  both  designs,  the  total  pressure  loss  increases  sharply  as  the  diffusion  factor  increases 
above  0.6.  The  total  pressure  loss  data  presented  in  Figure  142  was  obtained  from  the  correlations 
presented  in  Reference  7. 


Figure  141.  Number  of  High  and  Low  Aspect  Ratio  Airfoils  vs  Mean 
Gap/Chord  Ratio 
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The  low  aspect  ratio  EGV  design  study  was  initiated  with  the  number  of  airfoils  set  at  16 
and  the  maximum  vane  thickness  (based  on  current  engine  design  requirements)  set  at  1.0  in. 
However,  the  1.0  in.  airfoil  thickness  requirement  prevented  an  acceptable  airfoil  design  from 
being  obtained.  The  flow  blockage  was  too  high,  resulting  in  unacceptable  airfoil  pressure 
distributions. 

The  number  of  airfoils  was  reduced  from  16  to  8 to  reduce  the  blockage  while  maintaining 
the  1.0  in.  thickness.  This  reduction  in  airfoils  increased  gap/chord  ratio  from  0.44  to  0.89  and 
increased  the  diffusion  factor  from  0.46  to  0.61.  The  predicted  total  pressure  loss  (Figure  142) 
increased  from  1.0  to  1.2  percent.  The  predicted  high  aspect  ratio  loss  is  0.4  percent.  Additional 
substantiation  of  the  high  and  low  aspect  ratio  losses  were  made  using  correlations  of  profile  and 
secondary  losses  with  boundary  layer  growth  (Reference  8).  Using  these  correlations,  the 
predicted  low  aspect  ratio  loss  is  1.4  percent  and  the  high  aspect  ratio  loss  is  0.6  percent.  The 
difference  in  loss  between  the  high  and  low  aspect  ratio  designs,  using  either  prediction,  is  0.8 
percent. 


The  five  low  aspect  ratio  EGV  airfoil  cross-sections  and  defining  coordinates  are  presented 
in  Appendix  G.  Figure  143  shows  the  similarity  between  the  high  and  low  aspect  ratio  non-series 
EGV’s.  Table  28  summarizes  the  geometric  differences  and  Table  29  summarizes  the 
aerodynamic  differences  between  the  low  and  high  aspect  ratio  EGV’s.  Predicted  pressure 
distribution  and  boundary  layer  skin  friction  coefficients  for  the  five  low  aspect  ratio  airfoil 
sections  are  presented  in  Figures  145  through  149. 
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Figure  143. 


Comparison  of  High  and  Low  Aspect  Ratio  EGV  Mean  Sections 
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TABLE  28 

HIGH  AND  LOW  ASPECT  RATIO 
AIRFOIL  GEOMETRY 


Low  Aspect  Ratio 


ft* 

Pi* 

8* 

B 

r/B 

t/b 

AR 

LER 

TER 

H/L 

Root 

55.68 

79.0 

45.32 

10.099 

0.636 

0.099 

0.045 

0.075 

-0.350 

9.0 

36.0 

1 a Root 

47.18 

76.5 

56.32 

10.158 

0.759 

0.098 

0.045 

0.075 

-0.370 

6.25 

30.6 

Mean 

47.10 

75.0 

57.89 

10.158 

0.886 

0.098 

0.734 

0.045 

0.075 

-0.370 

5.0 

23.0 

1 4 Tip 

50.55 

73.5 

55.95 

10.076 

1.0214 

0.099 

0.045 

0.075 

-0.344 

5.0 

31.0 

Tip 

58.52 

75.0 

46.48 

9.888 

1.172 

0.1011 

0.045 

0.075 

-0.275 

6.8 

37.5 

High  Aspect  Ratio 


Root 

55.68 

83.5 

40.82 

2.671 

0.401 

0.069 

0.017 

0.017 

-0.275 

5.0 

18.0 

1 4 Root 

47.18 

82.0 

50.82 

2.717 

0.473 

0.068 

0.017 

0.017 

-0.310 

3.0 

15.0 

Mean 

47.10 

81.5 

51.4 

2.717 

0.552 

0.068  2.478 

0.017 

0.017 

-0.310 

2.0 

14.0 

‘/4  Tip 

50.55 

81.5 

47.95 

2.689 

0.638 

0.069 

0.017 

0.017 

-0.270 

3.0 

13.5 

Tip 

58.52 

83.2 

38.28 

2.627 

0.735 

0.070 

0.017 

0.017 

-0.200 

4.0 

16.0 

TABLE  29 

HIGH  AND  LOW  ASPECT  RATIO 
AERODYNAMIC  DESIGN 


Low  Aspect  Ratio 


m2 

m, 

i 

(APJQ)mln 

D p 

Root 

0.686 

0.413 

+ 1.92 

0.7791 

0.564 

'/4  Root 

0.631 

0.387 

-1.42 

0.7757 

0.623 

Mean 

0.527 

0.353 

-2.99 

0.7074 

0.608 

'A  Tip 

0.442 

0.249 

-3.45 

0.6841 

0.745 

Tip 

0.342 

0.132 

-2.681 

0.8218 

0.920 

0.692  Avg 

High 

Aspect 

Ratio 

Root 

0.686 

0.461 

+ 1.92 

0.685 

0.429 

Vi  Root 

0.631 

0.432 

-1.42 

0.686 

0.461 

Mean 

0.527 

0.403 

-2.99 

0.586 

0.411 

Vi  Tip 

0.442 

0.317 

-2.45 

0.586 

0.474 

Tip 

0.342 

0.225 

-2.68 

0.605 

0.547 

0.464  Avg 
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In  designing  the  low  aspect  ratio  EGV,  several  interactions  were  made  on  each  airfoil  section 
until  the  minimum  suction  surface  diffusion  (AP./Q)  was  obtained.  The  final  airfoil  sections  were 
then  analyzed  using  boundary  layer  predictions  to  determine  the  location  of  the  suction  surface 
separation.  As  shown  in  Figures  144  through  148.  each  section  of  the  low  aspect  ratio  EGV  is 
predicted  to  separate  ahead  of  the  trailing  edge  point  Table  MO  presents  a summary  of  the  suction 
surface  static  pressure  rise  obtained  prior  to  predicted  separation  for  both  the  low  and  high  aspect 
ratio  EGV's.  In  both  cases  separation  occurs  at  approximately  the  90' . chord  location.  The 
average  low  aspect  ratio  EGV  suction  surface  static  pressure  rise  obtained  prior  to  separation  is 
significantly  less  (by  percentage)  than  the  pressure  rise  obtained  with  the  high  aspect  ratio  EGV. 
The  low  aspect  ratio  EGV  suction  surface  static  pressure  at  the  point  of  separation  (90*7  chord) 
is  48'<  lower  than  the  exit  static  pressure  level  (100( > chord).  This  pressure  rise,  occurring  within 
the  last  10r;  span,  may  be  too  severe,  increasing  the  total  pressure  loss  and  decreasing  the 
diffusion  and  gas  turning. 

TABLE  30 

SUCTION  SURFACE  STATIC  PRESSURE  RISE 


Suction 

Surface 

Separation 

Distance 

X/B„ 

Weight 

Axial 

Chord 

Separation 

Point 

Static 

Pressure  (A) 

Suction 
Surface 
Min.  Static 
Pressure  (B) 

Exit 

Static 

Pressure  (C) 

Percent 
Pressure  Rise 

(A-B/C-B) 

Low  Aspect  Ratio 

Root 

5.423 

0.85 

0.7318 

0.6585 

0.9360 

26.4 

1 4 Root 

5.324 

0.80 

0.7751 

0.6925 

0.9380 

33.6 

Mean 

5.900 

0.90 

0.8757 

0.7741 

0.9430 

60.1 

1 4 Tip 

5.775 

0.90 

0.9202 

0.8501 

0.9608 

63.3 

Tip 

5.553 

0.90 

0.9713 

0.9141 

0.9880 

77.4 

52.16  Avg 

High  Aspect  Ratio 

Root 

1.502 

0.90 

0.7932 

0.6562 

0.8626 

66.4 

1 4 Root 

1.542 

0.90 

0.8380 

0.7020 

0.8815 

75.8 

Mean 

1.619 

0.95 

0.8792 

0.7762 

0.8957 

86.2 

U Tip 

1.639 

0.98 

0.9251 

0.8419 

0.9290 

95.5 

Tip 

1.628 

1.00 

0.9620 

0.9071 

0.9620 

100.0 

84.78  Avg 

2.  Weight  Comparison 

In  order  to  estimate  the  weight  differences  between  the  high  and  low  aspect  ratio  EGV 
designs,  it  was  necessary  to  make  several  assumptions.  The  F100  engine  was  selected  as  the 
representative  design  baseline  and  to  meet  typical  rear  bearing  compartment  mechanical  design 
requirements,  four  downstream  struts  were  added  to  the  high  aspect  ratio  EGV  design.  The 
resulting  estimated  weights  were  17!b  for  the  low  aspect  ratio  design  and  41th  for  the  high  aspect 
ratio  design. 

3.  Cost  Comparison 

Cost  estimates,  again  using  the  FlOO  engine  as  a baseline,  were  made  for  both  EGV  designs. 
Compared  with  the  FlOO  engine,  the  two  designs  are  each  expected  to  cost  an  additional  $3,000 
per  engine.  This  assumes  that  the  48  vane  high  aspect  ratio  EGV  can  be  cast  as  a single  piece; 
otherwise  an  additional  $1,500  per  engine  would  be  required.  The  low  aspect  ratio  design  results 
in  a cost  increase  when  compared  with  the  FlOO  engine  because  of  increased  chords  and  exhaust 
case  lengths. 
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SUCTION  SURFACE  SKIN  FRICTION  COEFFICIENT 


SURFACE  DISTANCE  ^INCHES 


SUCTION 


Figure  144.  Low  Aspect  Ratio  EGV  Root  Section  Predicted  Pressure  Distribu- 
tion and  Skin  Friction  Coefficient 
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X/B 

Figure  145.  Low  Aspect  Ratio  EGV  'A  Root  Section  Predicted  Distribution  and 
Skin  Friction  Coefficient 
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Figure  146.  Low  Aspect  Ratio  EGV  Mean  Section  Predicted  Distribution  and 
Skin  Friction  Coefficient 
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SUCTIDN  SURFACE  SKIN  FRICTION  COEFFICIENT 


An$bn. 


DELTA  P/0, 


Figure  147.  Low  Aspect  Ratio  EGV  A Tip  Section  Predicted  Pressure 
Distribution  and  Skin  Friction  Coefficient 
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C.  SERIES  AND  NON-SERIES  EQV  INCIDENCE  SENSITIVITY  STUDY 


The  non-series  EGV’s,  designed  and  tested  during  the  earlier  phases  of  the  EGV  program, 
were  all  designed  with  circular  leading  edges  having  small  leading  edge  diameters  and  small  inlet 
wedge  angles  (defined  in  Abbreviations  and  Symbols  Section).  Compared  with  series  airfoils, 
which  have  the  same  small  leading  edge  diameters  but  with  large  inlet  wedge  angles,  the  non- 
series airfoils  were  expected  to  be  more  sensitive  to  inlet  gas  angle  or  incidence  variations. 
Therefore,  as  part  of  the  Phase  IV  critique,  an  incidence  sensitivity  study  was  conducted  to 
evaluate  and  compare  the  non-series  and  series  EGV  designs.  In  addition,  an  incidence  sensitivity 
study  of  non-series  EGV’s  with  various  eliptical  leading  edge  designs  was  also  made. 

Figure  149  presents  the  annular  cascade  series  and  non-series  airfoil  leading  edge 
configurations  along  with  the  four  non-series  airfoil  elliptical  leading  edge  designs  which  were 
evaluated.  As  shown  in  Figure  149,  the  series  airfoil,  with  its  small  leading  edge  diameter  and 
large  inlet  wedge  angle,  can  be  simulated  very  closely  with  an  ellipse. 


65  Series  EQV 
Circular  Leading  Edge 


Non-Serlea  EQV 
Circular  Leading  Edge 


Non -Series  EQV 
2/1  - Elliptical  Leading  Edge 


Figure  149.  65-Series  and  Non-series  EGV  Leading  Edge  Configurations 
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Presented  in  Figures  150  through  154  are  the  predicted  pressure  distributions  for  the  series 
airfoil  operating  at  incidence  levels  of  -4.0,  -2.0,  0.0,  +2.0,  and  +4.0  deg,  respectively.  The 
pressure  distributions  were  predicted  using  a P&WA  compressible  flow  program  with  a leading 
edge  region  reanalysis  calculation.  In  Figures  150  and  154,  for  incidence  levels  of  4.0  deg  and 
+ 4.0  deg,  the  overspeed  or  minimum  Ps/PT  is  at  or  near  that  for  sonic  flow  (P.s/P,  0.528).  In  the 
incidence  range  comparison  presented  later,  the  overspeed  limitng  value  was  arbitrarily  set  at 
(Ps/PT)n,.„  = 0.528 , slightly  less  than  the  sonic  value. 

Figures  155  through  158  present  the  predicted  pressure  distributions  for  the  non-series 
airfoil  with  a circular  leading  edge  at  incidence  levels  of  -4.0,  -2.0,  0.0,  and  +2.0  deg.  The  +4.0 
deg  incidence  level  was  also  evaluated  but  the  prediction  did  not  converge  properly  for  this  case. 
The  leading  edge  overspeed  exceeds  the  sonic  values  at  all  incidence  levels  except  for  -2.0  deg  of 
incidence  (Figure  156).  The  overspeed  predicted  for  0.0  deg  of  incidence  (Figure  157  is  caused  bv 
displacement  of  the  stagnation  point  away  from  the  nose  point  towards  the  pressure  surface. 
Stagnation  point  displacement  is  caused  by  cross-channel  effects  which  influence  the  inlet  flow 
field. 

The  nonseries  EGV’s  with  elliptical  leading  edges  were  evaluated  at  the  design  point 
incidence  of  -1.42  deg.  Predicted  leading  edge  region  pressure  distributions  are  presented  in 
Figure  159.  The  6/1  (major  axis/minor  axis)  elliptical  design  has  the  best  pressure  distribution; 
however,  as  shown  in  Figure  149,  this  design  results  in  a very  sharp  or  pointed  leading-edge  which 
would  be  difficult  to  manufacture.  The  2/1  elliptical  design,  when  compared  with  the  circular 
design,  indicates  only  a slight  reduction  in  the  pressure  surface  overspeed  and  an  increased 
overspeed  on  the  suction  surface.  The  4/1  elliptical  design  reduces  the  pressure  surface  overspeed 
but  does  not  alter  the  suction  surface  overspeed.  The  4/1  elliptical  design  appears  to  be  the  best 
nonseries  EGV  design,  considering  the  improved  performance  offered  relative  to  the  circular 
design  and  the  fact  that  fabrication  would  be  somewhat  easier  compared  to  the  6/1  design. 

The  4/1  elliptical  design  was  evaluated  at  incidence  levels  of  -6.0,  -5.0,  -4.0,  -2.0,  0.0, 
+ 2.0  and  +4.0  deg.  Figures  160  through  166,  respectively,  present  the  predicted  pressure 
distributions. 

Presented  in  Table  31  is  a summary  of  the  predicted  minimum  pressure  levels,  (Ps/Pt)  min, 
for  the  series  and  non-series  incidence  levels  evaluated.  Both  the  circular  and  4/1  elliptical  non- 
series  design  predictions  are  presented. 


TABLE  31 

INCIDENCE  SENSITIVITY  STUDY  MINIMUM  LEADING  EDGE  Ps/PT 


Incidence  (deg) 

-6  -5  -4 

-2 

0 

+2 

+ 4 

Series  EGV 

- 0.5078 

0.6348 

0.6566 

0.6350 

0.5602 

Non-series  EGV  Circular  LE 

- 0.4772 

0.5736 

0.4705 

0.4251 

- 

Non-series  EGV  4/1  Elliptical  LE 

0.4027  0.4591  0.5832 

0.7026 

0.5565 

0.3901 

0.3140 

65  SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
MACH  NO.  = .631 
INCIDENCE  = -4.0  DEG 


Figure  150.  65-Series  EGV  ' i Root  Section  Predicted  Pressure  Distribution  at 
—4.0  deg  Incidence 


65  SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
MACH  NO.  = .631 

2.0  DEG 


INCIDENCE 


65-Series  EGV  1 a Root  Section  Predicted  Pressure  Distribution  at 
-2.0  deg  Incidence 


65  SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
MACH  NO.  = .631 
INCIDENCE  =0.0  DEG 
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65  SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
MACH  NO.  ■=  .631 
INCIDENCE  = +2.0  DEG 


Figure  153.  65-Series  EGV  'A  Root  Section  Predicted  Pressure  Distribution  at 
+2.0  deg  Incidence 


65  SERIES  EXIT  GUIDE  VANE 
1/A  ROOT  SECTION 
MACH  NO.  = .631 
INCIDENCE  = +4.0  DEG 


NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
CIRCULAR  LEADING  EDGE 
MACH  NO.  = .631 
INCIDENCE  = -4.0  DEG 
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Figure  155.  Non-series  EGV  'A  Root  Section  Predicted  Pressure  Distribution 


at  -4.0  deg  Incidence 
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NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
CIRCULAR  LEADING  EDGE 
MACH  NO.  = .631 
INCIDENCE  - -2.0  DEG 


Figure  156.  Non-series  EGV  Va  Root  Section  Predicted  Pressure  Distribution 
at  -2.0  deg  Incidence 


NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
CIRCULAR  LEADING  EDGE 
MACH  NO.  ■=  .631 
INCIDENCE  ■=  0.0  DEG 


Figure  157.  Non-series  EGV  ’A  Root  Section  Predicted  Pressure  Distribution 
at  0.0  deg  Incidence 


223 


NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
CIRCULAR  LEADING  EDCE 
MACH  NO.  = .631 
INCIDENCE  = +2.0  DEG 


Figure  158.  Non-series  EGV  'A  Root  Section  Predicted  Pressure  Distribution 
at  +2.0  deg  Incidence 


figure  159.  Non-series  EGV  1 1 Root  Section  Predicted  Leading  Edge  Region 
Pressure  Distribution  for  Circular  2/1,  4/1,  and  6/1  Elliptical 
Leading  Edges 
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1/4  ROOT  SECTION 
4/1  ELLIPTICAL  LEADING  EDGE 
MACH  NO.  » .631 
INCIDENCE  ■=  -6.0  DEG 


4/ 1 Elliptical  Leading  Edge  Non-series  EGV  Predicted  Pressure 
Distribution  at  -6.0  deg  Incidence 
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4/1  Elliptical  Leading  Edge  Non-series  EGV  Predicted  Pressure 
Distribution  at  —5.0  deg  Incidence 


Figure  161. 


NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
4/1  ELLIPTICAL  LEADING  EDGE 
MACH  NO.  ■=  .631 
INCIDENCE  - -5.0  DEG 
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NON-SERIES  EXIT  GUIDE  VANE 
1/A  ROOT  SECTION 
4/1  ELLIPTICAL  I EADINC  EDCE 
MACH  NO.  = .631 
INCIDENCE  = -4.0  DEG 
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NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
4/1  ELLIPTICAL  LEADING  EDGE 
MACH  NO.  = .631 
INCIDENCE  = -2.0  DEG 


4/1  Elliptical  Leading  Edge  Non-series  EGV  Predicted  Pressure 
Distribution  at  -2.0  deg  Incidence 


1 

1 

1 

i 

i 

1 

1 

; t 

i t 

i 

> 

i 

t 

i 

-4 

i 

! 

r~ 

i 

i 

- ! 

1 

t 

l 

i 

- j 

«Q 

i 

_J 

NON-SERIES  EXIT  GUIDE  VANE 
1/4  ROOT  SECTION 
4/1  ELLIPTICAL  LEADING  EDGE 
MACH  NO.  * .631 
INCIDENCE  =0.0  DEG 


Figure  164.  4/1  Elliptical  Leading  Edge  Non-series  EGV  Predicted  Pressure 

Distribution  at  0.0  deg  Incidence 
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Figure  166.  4/1  Elliptical  Leading  Edge  Non-series  EGV  Predicted  Pressure 

Distribution  at  +4.0  deg  Incidence 
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In  order  to  compare  the  incidence  range  of  the  series  and  non-series  EGV’s,  a minimum 
PS/PT  value  of  0.5  was  arbitrarily  selected  as  a limit.  On  this  basis,  the  series  airfoil  range  (table 
31)  is  estimated  to  be  9.0  deg,  -4.0  deg  to  +5.0  deg.  The  circular  leading  edge  non-series  EGV 
range  (estimated)  is  2.0  deg,  -3.0  deg  to  —1.0  deg.  The  4/1  elliptical  leading  edge  non-series  EGV 
(estimated)  range  is  6.0  deg,  -4.5  deg  to  +1.0  deg. 

The  minimum  Ps/PT  value  of  0.5  was  arbitrarily  selected  only  to  provide  a basis  for 
comparison.  The  minimum  value  may  vary  for  each  airfoil  design  application  and  it  may  also 
vary  depending  on  which  airfoil  surface  the  overspeed  occurs. 

In  multistage  engine  applications,  turbine  EGV’s  are  required  to  operate  through  an 
incidence  range  of  approximately  4 deg  between  intermediate  and  maximum  power  settings.  In 
single-stage  engine  applications,  the  EGV’s  operate  through  an  incidence  range  of  approximately 
6 deg.  The  results  of  the  incidence  range  comparison  indicate  that  the  series  airfoil  incidence 
range  (9.0  deg)  exceeds  both  engine  operating  ranges.  The  4/1  elliptical  leading  edge  non-series 
incidence  range  (6.0  deg)  exceeds  the  multistage  operating  range  and  just  meets  the  single-stage 
operating  range.  The  circular  leading  edge  non-series  airfoil  incidence  range  (2.0  deg)  is 
unsatisfactory  for  either  application  but  it  may  be  satisfactory  in  engine  applications  where 
variable  position  EGV’s  are  used.  In  engine  applications  where  the  incidence  range  is  critical,  the 
non-series  EGV  airfoils  can  be  designed  with  leading  edges  specifically  designed  for  increased 
incidence  ranges.  This  can  be  achieved  by  using  larger  leading  edges,  either  circular  or  elliptical. 
However,  the  larger  leading  edge  will  cause  the  flow  to  accelerate  up  to  the  gage  point,  increasing 
the  diffusion  rate  between  the  gage  point  and  trailing  edge.  The  potential  for  flow  separation  may 
increase. 


D.  STATE-OF-THE-ART  ADVANCEMENTS 


In  the  EGV  program,  non-series  airfoils,  designed  for  Mach  number  and  gas  turning  levels 
above  those  typical  of  state-of-the-art  EGV  airfoils,  demonstrated  (relative  to  equivalent  series 
airfoils)  higher  diffusion  efficiencies,  reduced  total  pressure  losses  and  reduced  tendencies  for  flow 
separation.  The  non-series  EGV’s  were  designed  by  optimizing  the  airfoil  camber  and  thickness 
distributions  to  obtain  the  minimum  rate  of  diffusion  on  the  airfoil  suction  surface.  Computer 
graphics  airfoil  design  techniques  with  predicted  airfoil  pressure  distributions  and  suction  surface 
boundary  layer  characteristics  were  used  to  identify  the  optimum  airfoil  designs. 

The  EGV  program  Phase  I cascade  data  extended  a correlation  system  developed  by  P&VVA 
for  compressor  casades  (equivalent  conical  angle,  0eq)  into  a range  of  conical  angles  applicable  to 
advanced  engine  turbine  EGV’s.  The  0eq  correlation  equates  each  airfoil  cascade  to  a conical 
diffuser  with  the  same  diffusion  area  ratio  and  length.  The  airfoil  aspect  ratio  and  gap/chord  ratio 
are  selected  to  obtain  the  optimum  diffusion  efficiency  for  each  equivalent  diffuser  area  ratio  and 
equivalent  conical  angle.  The  Phase  II  annular  cascade  (designed  using  the  fteq  correlation) 
verified  the  correlation  with  measured  diffusion  efficiencies  that  equalled  the  predicted 
efficiencies. 


Results  of  the  Phase  I low  Mach  number  cascade  testing  and  the  Phases  II  and  HI  high 
Mach  number  annular  cascade  testing  indicated  that  secondary  losses  can  be  reduced  with 
endwall  protrusions.  The  endwall  protrusions  also  improved  the  spanwise  turning  distributions, 
eliminating  the  underturning  tendencies  near  the  endwalls.  and  increased  the  average  static 
pressure  rise. 
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CONCLUSIONS 


r 

Highly  loaded  non-series  turbine  EGV’s,  designed  by  tailoring  camber  and  thickness 
distributions  to  minimize  the  airfoil  suction  surface  rate  of  diffusion,  demonstrated  the  following 
characteristics  relative  to  equivalent  NASA  series  airfoils:  a reduction  in  total  pressure  loss, 
higher  diffusion  efficiencies  and  reduced  tendencies  for  flow  separation.  These  results  verified 
that  the  non-series  airfoil  design  technology  (computer  graphics  design  techniques  with  predicted 
airfoil  surface  pressure  distributions  and  predicted  suction  surface  boundary  layer  character- 
istics) can  be  used  to  design  optimum  EGV  airfoil  geometries. 

Designing  the  non-series  EGV’s  to  obtain  the  minimum  suction  surface  rate  of  diffusion 
resulted  in  airfoils  which  were  more  sensitive  to  incidence  variations  than  the  equivalent  series 
airfoils.  However,  the  non-series  EGV  incidence  sensitivity  was  predicted  to  be  improved  by 
redesigning  the  airfoils  with  elliptical  leading  edges  rather  than  circular  leading  edges.  With  the 
redesigned  leading  edges,  the  non-series  EGV  incidence  range  was  determined  to  be  acceptable 
for  both  single  stage  and  multistage  turbine  EGV  applications. 

Non-series  airfoil  design  evaluation  techniques,  when  used  to  evaluate  candidate  series 
airfoils,  identified  high  suction  surface  rates  of  diffusion  and  predicted  flow  separation.  Results 
of  the  65  series  annular  cascade  testing  verified  the  predicted  separation,  thus  emphasizing  the 
importance  of  the  non-series  airfoil  design  evaluation  techniques  (pressure  distribution  and 
boundary  layer  analysis)  to  series  airfoil  design  applications. 

The  P&WA  equivalent  cone  angle  correlation  (0eq)  for  diffusing  cascades  was  used  to 
achieve  optimum  diffusion  efficiencies  in  the  annular  cascade  testing.  This  correlation  permits 
selection  of  gap/chord  and  aspect  ratios  which  yield  the  desired  equivalent  conical  angle  for 
optimum  diffusion  efficiency. 

Endwall  protrusions  demonstrated  reduced  secondary  losses  with  improved  spanwise  gas 
turning  distributions  and  increased  diffusion.  These  results,  however,  were  obtained  relative  to  a 
high  loss  airfoil  (cutback  leading  edge  and  uncambered  trailing  edge).  The  uncambered  and 
cutback  airfoil  modifications,  in  Phase  I,  demonstrated  performance  improvements.  In  Phase  II, 
these  same  modifications  resulted  in  decreased  performance.  Definite  conclusions  regarding  the 
effects  of  the  cutback  and  uncambered  airfoil  modifications  cannot  be  made  on  the  basis  of  the 
existing  data. 


RECOMMENDATIONS 


The  following  recommendations  are  based  on  the  results  of  the  EGV  technology 
development  program: 

1.  The  incidence  range  of  non-series  EGV’s,  with  circular  and  elliptical  leading 
edges,  should  be  demonstrated  experimentally. 

2.  The  performance  of  the  low  aspect  ratio  non-series  EGV  should  be  measured 
in  the  annular  cascade  test  rig.  Direct  performance  comparisons  between  the 
high  and  low  aspect  ratio  EGV’s  should  then  be  made. 

3.  Endwall  protrusions  should  be  evaluated  with  available  3-D  flow  calculations 
to  identify  the  optimum  protrusion  size.  Annular  cascade  test  evaluation  of 
the  optimum  protrusion  should  be  made. 

4.  The  cutback  leading  edge  and  uncambered  trailing  edge  airfoil  modifications 
should  be  evaluated  independently. 

5.  Optimum  non-series  EGV’s  with  airfoil  and  endwall  modifications  designed 
to  reduce  secondary  losses  should  be  demonstrated  in  a full  size  rotating  rig 
test,  permitting  measurement  of  both  design  point  and  off-design  point 
performance. 
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30  DECREES  TURNING  CASCADE  SECTION  DESIGN 
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TABLE  A-2 

DEGREES  TURNING  CASCADE  SECTION  DESIGN 

GEOMETRY 
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DERIVATION  OF  EQUIVALENT  CONICAL  ANGLE 


DERIVATION  OF  EQUIVALENT  CONICAL  ANGLE  (0  ) 

e4 

The  equivalent  cone  angle  is  found  by  equating  the  cascade  to  a conical 
diffuser  with  the  same  area  ratio  and  length  as  the  cascade. 


SECTION  A-A 


Figure  C-l.  Equivalent  Radius  and  Cone  Angle  Derivation 

Referring  to  the  above  figure,  the  equivalent  radius  and  cone  angle  can  be 
defined  as: 


where  A normal  flow  area. 
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For  a cascade  of  airfoils 
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fMl/2 


'M1/2 


A3  = sin  (180  - P 3) 


tan  0. 


0.564 


A compressibility  correction  is  made  to  0e(j  to  account  for  the  increase  in 
velocity  ratio  that  accompanies  an  increase  in  Mach  number  for  a given  conical 
angle.  So  that  exit  Mach  number  (M3)  can  be  iteratively  solved  as  a function  of 
area  ratio  from  the  isentropic  relationship 


A3  H3  sin  (180  - 0*)  M2  j (l  + ^ 7-1 

A 2 H j sin  (3  2 M3  V + 111 


The  equivalent  area  ratio  (A 2^3)^  is  then  solved  as  the  actual  velocity  ratio 
of  the  cascade  for  incompressible  flow  as 


h)  .h.HiJ  11X 

\^3  /eq  ^2  M2  » 1 + .2—1 


7-1  M2 
~2~M2 
7-1  ™2 
2 M3 


so  that  the  equation  for  de q becomes 

0eq  (deg)  = tan-1  -°--^64  p H3  sin  (180  - /J*) 
or  if  aspect  ratio  (AR)  is  defined  as  H2/b 

0eq  (deg)  « tan"1  0.564  AR  sin  (180  - 0 


r-fe). 


6eq  (deg)  - tan 


AR  sin  (180  - 0 ^ ) 


-1 1/2  /A  \l/2 
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PHASE  II  ANNULAR  CASCADE  NON-SERIES  EGV 
AIRFOIL  SECTIONS  AND  AIRFOIL  COORDINATES 
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Figure  D-3.  Phase  II  Annular  Cascade  Non-Series  EGV  Design,  1/A  Root  Section  (Scaled) 
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Figure  D-4.  Phase  II  Annular  Cascade  Non-Series  EGV  Design,  \ Tip  Section  (Scaled) 
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Figure  F-l.  65  Circular-Arc  Series  Airfoil,  Root  Sec 
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APPENDIX  G 

PHASE  IV  LOW  ASPECT  RATIO  NON-SERIES 
EGV  AIRFOIL  SECTIONS  AND  AIRFOIL  COORDINATES 


LOW  ASPECT  RATIO  EGV  DESIGN,  ROOT  SECTION 
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Figure  G-l.  Low  Aspect  Ratio,  Root  Section 


Figure  G-2.  Low  Aspect  Ratio,  \ Root  Section 
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LOW  ASPECT  RATIO  EGV  DESIGN,  1/4  ROOT  SECTION 
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Figure  G-3.  Low  Aspect  Ratio,  Mean  Section 


Figure  G-4.  Low  Aspect  Ratio,  \ Tip  Section 
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LOW  ASPECT  RATIO  EGV  DESIGN,  TIP  SECTION 
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APPENDIX  H 

DE8IQN  DEVIATION  PREDICTION  METHOD 


Determine  nose  points  at  leading  and  trailing  edge. 

Connect  nose  points  with  straight  line  B. 

Determine  from  airfoil  mean  camber  line  coordinates  point  of  maximum  camber. 

Determine  distance  from  nose  point  to  point  closest  to  point  of  maximum  camber  along  line  B - 
define  as  A. 

Calculate  ratio  A/B. 

Camber  s*  = 180  - (0,*  + 0,*) 

Calculate  d»  corrected  = 

0t*  + g*  [l.O  - (0.23  [2  A/Bp  + 0,18)  n/Thu/B] 

(1.0  - 0.002  a*  x/Tau/B) 

d*  (feet  ~ 180  dl  corrected 

Deviation  = 0,  (|UI  - 0t* 


Figure  H-l.  Maximum  Camber  Location 
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ABBREVIATIONS  AND  SYMBOLS 


A 

AA 

AR 

AVE 

b 

bz 

r 

C, 

CL 

c. 

Dr 

EGV 

g 

H 

H 

H 

AHt 

HPT 

ID 

rrv 

j 

K 

L 

L 

LE 

LED 

LPT 

M 

Ma 

N 

OD 

OPT 

P„ 

P„ 

Px 

PS 

Rn 

ss 

t 

TE 

TED 

Tt 

U 

V 

Vrm 

W 


Flow  Area 
Annulus  Area 

Aspect  Ratio,  Ezit  Span  Height/ Azial  Chord 

Average 

Actual  Chord 

Azial  Chord 

Absolute  Velocity 

Coefficient  of  Friction 

Zwiefel  Load  Coefficient 

Absolute  Velocity  Azial  Direction 

Diffusion  Factor 

Ezit  Guide  Vane 

Gravitational  Constant 

Specific  Enthalpy 

Two-dimensional  Channel  Height 

Tangential  distance  between  LE  and  TE  circle  centers 

Stage  Work 

High  Pressure  Turbine 

Inner  Diameter 

Inlet  Turning  Vane 

Heat  Equivalent  of  Work 

Screen  Blockage  Factor 

Azial  distance  between  LE  and  TE  circle  centers 

Plane  Cascade  Total  Width  between  top  and  bottom  plates 

Leading  Edge 

Leading  Edge  Diameter 

Low  Pressure  Turbine 

Mach  Number 

Absolute  Mach  Number 

Rotor  Speed,  Revolutions  per  Minute 

Outer  Diameter 

Optimum 

Pressure  Ratio 

Static  Pressure 

Total  Pressure 

Pressure  Surface 

Reynolds  Number 

Suction  Surface 

Airfoil  Thickness 

Trailing  Edge 

Trailing  Edge  Diameter 

Total  Temperature 

Blade  Wheel  Speed 

Velocity 

Mean  Velocity  Ratio,  VRM  = (UM/\/2gJ  A- H) 

Mass  Flow  Rate 
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ABBREVIATIONS  AND  SYMBOLS  (Continued) 


WBL 

Boundary  Layer  Bleed  Flowrate 

WtoT 

Total  Flowrate 

fi 

Air  Angle 

d* 

Metal  Angle 

y 

Ratio  of  Specific  Heats 

7 

Stagger  Angle 

A 

Differential  Quantity 

5 

Velocity  Boundary  Layer  Thickness 

6 

Displacement  Thickness 

APt 

Total  Pressure  Loss 

APs 

Static  Pressure  Rise 

Vd 

Diffusion  Efficiency 

e 

Air  Turning 

9 

Secondary  Flow  Expansion  Angle 

9* 

Metal  Turning  (Camber) 

0«. 

Equivalent  Cone  Angle 

X 

Gaging 

p 

Density 

r 

Pitch-Gap 

Instrumentation  Stations 

Station  0 

Plenum 

Station  1 

Inlet  to  Inlet  Turning  Vanes 

Station  2 

Inlet  to  Exit  Guide  Vanes 

Station  3 

Inlet  to  Downstream  Diffuser 

Station  4 

Downstream  Diffuser  Exit 

Subscripts 

a 

Actual  or  Measured  Value 

AV 

Average 

AVE 

Average 

D 

Diffusion 

eq 

Equivalent 

i 

Inlet 

I 

Ideal 

M 

Airfoil  Midspan  Location,  Mean 

MID 

Mid-Span 

MAX 

Maximum 

r 

Ratio 

R 

Ratio 

S 

Static 

T 

Total 
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•I 
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ABBREVIATIONS  AND  SYMBOLS  (Continued) 


1 

2 

3 

4 


Axial  Direction 
Tangential  Direction 
Denotes  Instrumentation  Station, 
Denotes  Instrumentation  Station, 
Denotes  Instrumentation  Station, 
Denotes  Instrumentation  Station, 
Denotes  Instrumentation  Station, 


0 

1 

2 or  EGV  Airfoil  Inlet 

3 or  EGV  Airfoil  Exit 


4 


Airfoil  Nomenclature 


316 

ou.S.Gov«rnm«n»  Prlntlnj  Office  197S  — 757-OSO/SO 


